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1.0Introduction

   

Scientificandengineeringresearchhasbeencrucialinboththe
creationandtheadvancedapplicationoftheamazingproductsof
thedigitalrevolutionbegunsomesixtyyearsago–arevolutionthat
increasinglyundergirdsourmodernworld.Advancesincomputational
technologycontinuetotransformscientificandengineeringresearch,
practice,andalliededucation.Recently,multipleaccelerating
trendsareconvergingandcrossingthresholdsinwaysthatshow
extraordinarypromiseforanevenmoreprofoundandrapid
transformation–indeedafurtherrevolution–inhowwecreate,
disseminate,andpreservescientificandengineeringknowledge.We
nowhavetheopportunityandresponsibilitytointegrateandextendthe
productsofthedigitalrevolutiontoservethenextgenerationofscience
andengineeringresearchandeducation.

Digitalcomputation,data,information,andnetworksarenow
beingusedtoreplaceandextendtraditionaleffortsinscienceand
engineeringresearch,indeedtocreatenewdisciplines.Theclassic
twoapproachestoscientificresearch,theoretical/analyticaland
experimental/observational,havebeenextendedtoinsilicosimulation
toexplorealargernumberofpossibilitiesatnewlevelsoftemporal
andspatialfidelity.Advancednetworkingenablespeople,tools,and
informationtobelinkedinwaysthatreducebarriersoflocation,
time,institution,anddiscipline.Innumerousfieldsnewdistributed-
knowledgeenvironmentsarebecomingessential,notoptional,for
movingtothenextfrontierofresearch.Scienceandengineering
researchersareagainattheforefrontinbothcreatingandexploiting
whatmanyarenowseeingasanascentrevolutionandaforerunnerof
newcapabilitiesforbroadadoptioninourknowledge-drivensociety.

Avastopportunityexistsforcreatingnewresearchenvironments
baseduponcyberinfrastructure,buttherearealsorealdangers
ofdisappointingresultsandwastedinvestmentforavarietyof
reasonsincludingunderfundinginamountandduration,lackof
understandingoftechnologicalfutures,excessivelyredundantactivities
betweensciencefieldsorbetweensciencefieldsandindustry,
lackofappreciationofsocial/culturalbarriers,lackofappropriate
organizationalstructures,inadequaterelatededucationalactivities,and
increasedtechnological(“notinventedhere”)balkanizationsrather
thaninteroperabilityamongmultipledisciplines.Theopportunityis
enormous,butalsoenormouslycomplex,andmustbeapproached
inalong-term,comprehensiveway.Itisimperativetobeginawell-
conceivedandfundedprogramtoseizetheseopportunitiesandto
avoidpotentiallyincreasingopportunitycosts.
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ThisreportisfromaBlueRibbonPanelconvenedbytheAssistant
DirectorforComputerandInformationScienceandEngineering
(CISE)1*oftheNationalScienceFoundation(NSF)toinventoryand
explorethesetrendsandtomakestrategicrecommendationsonthe
natureandformofprogramsthatNSFshouldtakeinresponsetothem.
ThechargetothePanelispremisedontheconceptofanadvanced
infrastructurelayeronwhichinnovativescienceandengineering
researchandeducationenvironmentscanbebuilt.Theterm
infrastructurehasbeenusedsincethe1920storefercollectivelytothe
roads,powergrids,telephonesystems,bridges,raillines,andsimilar
publicworksthatarerequiredforanindustrialeconomytofunction.
Althoughgoodinfrastructureisoftentakenforgrantedandnoticedonly
whenitstopsfunctioning,itisamongthemostcomplexandexpensive
thingthatsocietycreates.Thenewertermcyberinfrastructurerefers
toinfrastructurebasedupondistributedcomputer,informationand
communicationtechnology.Ifinfrastructureisrequiredforanindustrial
economy,thenwecouldsaythatcyberinfrastructureisrequiredfora
knowledgeeconomy.

ThechargetothePanelisto1)evaluatecurrentmajorinvestments
incyberinfrastructure,mostespeciallythePartnershipsforAdvanced
ComputationalInfrastructure(PACI)2;2)recommendnewareas
ofemphasisrelevanttocyberinfrastructure;and3)proposean
implementationplanforpursuingthesenewareasofemphasis.Thefull
textofthechargeisincludedasAppendixE.

Thebasetechnologiesunderlyingcyberinfrastructurearethe
integratedelectro-opticalcomponentsofcomputation,storage,and
communicationthatcontinuetoadvanceinrawcapacityatexponential
rates.Abovethecyberinfrastructurelayeraresoftwareprograms,
services,instruments,data,information,knowledge,andsocial
practicesapplicabletospecificprojects,disciplines,andcommunities
ofpractice.Betweenthesetwolayersisthecyberinfrastructurelayerof
enablinghardware,algorithms,software,communications,institutions,
andpersonnel.Thislayershouldprovideaneffectiveandefficient
platformfortheempowermentofspecificcommunitiesofresearchers
toinnovateandeventuallyrevolutionizewhattheydo,howtheydoit,
andwhoparticipates.

Althoughthetermcyberinfrastructureisnew,NSFinvestmentin
envisioning,creating,deploying,andusingcomputational-based
infrastructureisnot.PreviousNSFprogramshavecreatedkey
capabilitiesandexperiencethathavealreadydonemuchtoenablea
nextbigstepupinthepower,ubiquity,andapplicationofadvanced
cyberinfrastructure.Theyhavebeeninstrumentalincreatingthe
visionanddemandformore.Byadvancedwemeanboththehighest-
performingtechnologyanditsuseinthemostleading-edgeresearch.

*Pointerstoreferencesarenotedwithsuperscriptsandthecitationsarelistedin

Section7.
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Inthe1960sNSFfundedsomeoftheveryfirstacademiccomputing
centersandinthe1970sfundedearlyactivitiesincomputational
science.Beginninginthemid1980stheAdvancedScientific
Computing(ASC)initiativestogetherwithNSFNETprovidedthe
researchcommunityaccesstomachinesatthetopofthecomputation
pyramid.TheNSFNETtransitionedintothecommercialInternet,and
adecadelatertheASCprogramevolvedintoamorecomprehensive
sourceofhigh-endcomputingandrelatedservices.TwoPartnerships
forAdvancedComputingInfrastructure(PACI)2wereformed:one
centeredattheNationalCenterforSupercomputingApplications
(NCSA)3attheUniversityofIllinois,Urbana-Champaign,andthe
otherattheSanDiegoSupercomputerCenter(SDSC)4atthe
UniversityofCalifornia,SanDiego.RecentlytheNSFmadeawardsfor
terascalecapabilityfacilitiestothePittsburghSupercomputingCenter
(PSC)5,andthenawardsforaDistributedTerascaleFacility(teragrid
capability)6toaprojectconsortiumincludingNCSA,SDSC,Argonne
NationalLaboratory,theCenterforAdvancedComputingResearch
(CACR)attheCaliforniaInstituteofTechnology,andthePSC.

TheTerascaleInitiativeisprovidingnetworkaccesstohigh-end
computingthroughphysicallyproximateclustersofcommodity
computationservers.ThemorerecentDistributedTerascaleFacility
iscontinuingtheexplorationofnewmodesofcomputingbyextending
theconceptofclusterstothatofwide-areagridsofsupercomputers
allocateddynamicallytoacommonproblemoverbothwidedistance
andmultipleorganizations.

TwootherhighlyrelevantinitiativesaretheNSFMiddleware7and
theDigitalLibraryInitiatives8.TheNSFMiddlewareInitiativeand
IntegrationTestbedisanongoingefforttodevelop,disseminate,and
evaluatesoftwarethatallowsscientistsandeducatorseasilytobuild
andsharenewdistributedapplications,shareinstrumentation,and
shareaccesstocommondatarepositories.TheDigitalLibraryInitiative
hasbeenamajorcatalystincreatingthevastinformationsourcesand
newservicesoftheInternetincludingGoogle.Likewise,basicresearch
incomputerandinformationscienceovermanyyearshasproduced
muchofwhatwenowknowastheInternetandtheWeb.

TheNSFCISEDirectoratesupportedmostoftheinitiativescited
above.ButalsoemergingacrossallNSFdirectoratesareavariety
ofmultidisciplinaryresearchcommunities,workinginpartnership
withcomputerandinformationscientistsandengineers,toexplore
howtorevolutionizebothwhatproblemstheyexplore,aswell
ashowtheygoaboutexploringthem.Genericnamesforsuch
cyberinfrastructure-enabledenvironmentsincludecollaboratory,co-
laboratory,gridcommunity/network,virtualsciencecommunity,ande-
sciencecommunity.Examplesofspecificscience-drivenpilotprojects
includetheNetworkforEarthquakeEngineeringSimulation(NEES)9,
theNationalVirtualObservatory(NVO)10,theNationalEcological
ObservatoryNetwork(NEON)11,theNationalScienceDigitalLibrary



REVOLUTIONIZING SCIENCE AND ENGINEERING THROUGH CYBERINFRASTRUCTURE 7

(NSDL)12,theGridPhysicsNetwork(GriPhyN)13,andtheSpace
PhysicsandAeronomyResearchCollaboratory(SPARC)14.Taken
togetherwiththeCISE-basedactivities,thesenewprojectsarebuilding
outintermsofbroaderscientificapplication,andtheyarebuildingup
intermsoffunctionandperformance.Theyprovideaglimpseintoan
excitingfuture.

Mission-orientedresearchagenciesarealsoinitiatingsimilarprojects,
forexampletheNIHBiomedicalInformaticsResearchNetwork
(BIRN)15,theDepartmentofEnergy(DOE)NationalCollaboratories
Program16,andtheDoEprojectforScientificDiscoveryThrough
AdvancedComputing(SciDAC)17.Relevantinternationalprograms
includetheUKE-scienceprogram18,partsoftheEU6thFramework
Project19,andtheJapaneseEarthSimulatorCenter20.

Asindicatedbythetitleofthisreport,thescopeofourexplorationand
recommendationsgoeswellbeyondthetopicofcyberinfrastructurein
isolationorasanendinitself.Building,operating,andusingadvanced
cyberinfrastructuremustbedoneinasystemiccontextthatexploits
mutualself-interestandsynergyamongcomputerandinformation,
andsocialscienceresearchcommunitieswhoseeitasanobjectof
research,andother(“domainscience”)researchcommunitieswho
seeitasaplatforminserviceofresearch.Morespecifically,weneed
highlycoordinated,large,andlong-terminvestmentin

1.fundamentalresearchtoadvancecyberinfrastructure;
2.developmentactivitiestocreateandevolvethebuildingblocksof

advancedoperationalcyberinfrastructure;
3.institutionswithpeopleandfacilitiestoprovideoperationalsupport

andservices;and
4. high-impactapplicationsofadvancedcyberinfrastructureinall

areasofscienceandengineeringresearchandalliededucation.

Weenvisionthecreationofthousandsofoverlappingfieldand
projectspecificcollaboratoriesorgridcommunities,customizedatthe
applicationlayerbutextensivelysharingcommoncyberinfrastructure.
Thecyberinfrastructureshouldincludegridsofcomputationalcenters,
somewithcomputingpowersecondtonone;comprehensivelibraries
ofdigitalobjectsincludingprogramsandliterature;multidisciplinary,
well-curatedfederatedcollectionsofscientificdata;thousandsofonline
instrumentsandvastsensorarrays;convenientsoftwaretoolkitsfor
resourcediscovery,modeling,andinteractivevisualization;andthe
abilitytocollaboratewithphysicallydistributedteamsofpeopleusing
allofthesecapabilities.Thisvisionrequiresenduringinstitutions
withhighlycompetentprofessionalstocreateandprocurerobust
software,leading-edgehardware,specializedinstruments,knowledge
managementfacilities,andappropriatetraining.
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Furthermore,cuttingacrossallthesecoordinatedendeavorsweneed
specificactivitiestobenefiteducation,generalscienceawareness,
andpolicymaking.Weneedcoordinatedparticipationbyacademia,
privateindustry,non-NSFgovernmentagenciesandlaboratories,and
state,regional,andnationalcenters.Aprograminthisareashouldbe
interagencyandinternational.Itmustaddressverycomplexinteraction
betweenscientific,technological,andsociologicalchallengesand
opportunities.

ThePanel’sfindingsandrecommendationshavebeeninformedby
extensiveinteractionwithbroadareasofthescientificandengineering
researchcommunitiesthrough62presentationsatinvitationalpublic
testimonysessions(seeAppendixD);700responsestoacommunity-
widesurvey(seeAppendixB);reviewofdozensofpriorrelevant
reports;scoresofunsolicitedemailsandphonecalls;250pagesof
writtencritiquefrom60reviewersofanearlydraftofthisreport;panel
membersattendingconferencesandworkshopsconcerningvisions
andneedsofspecificresearchcommunities;andhundredsofhours
ofdeliberationanddiscussionamongPanelmembers.Themembers
ofthePanelhavebackgroundsinareaswidelyrelevanttocreating,
managing,andusingadvancedcyberinfrastructure.Theyinclude
high-performancecomputing,visualization,technologytrends,digital
libraries,databases,distributedsystems,middleware,andcollaboration
technology.MembersofthePanelalsohaveconsiderablecollective
experienceinindustrialmanagementandacademicadministration.

InthenextsectionofthisreportwepresentourvisionforanAdvanced
CyberinfrastructureProgramthatwerecommendbeinitiated
immediatelyundertheleadershipoftheNSF.Wenextsummarize
trendsandissuesthatwebelieveareconvergingtomotivate,justify,
enable,andtosomeextentprescribetheAdvancedCyberinfrastructure
ProgramwedescribedinSection2.Intheremainingsections
wediscusstheprincipalrequirementsforachievingthisprogram,
primarilyorganizationalandfinancial.Wealsodiscusstheroleof
thecurrentmajorcentersandprojectsnowprovidingadvanced
cyberinfrastructure,particularly,aswewerespecificallyasked,the
PACIprograms.Section7.containsreferences.Supplementary
materialisincludedinfiveappendixes.
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2.0VisionforanAdvancedCyberinfrastructureProgram

2.1   ANascentRevolution

Scientistsinmanydisciplineshavebegunrevolutionizingtheirfields
byusingcomputers,digitaldata,andnetworkstoreplaceandextend
theirtraditionalefforts.Thecalculationsthatcanbeperformedand
theinformationthatcanbearchivedandusedareexploding.Inthe
not-too-distantfuture,thecontentsofthehistoricscientificliterature
willfitonarackofdisks,andanofficecomputerwillprovidemore
computingthanallthesupercomputingcenterstogethertoday.The
resultsoftoday’slargestcalculationsandmostsizablecollections
willtakesecondstotransmitusingthefastestknownnetwork
technologies.Newtechnology-mediated,distributedworkenvironments
areemergingtorelaxconstraintsofdistanceandtime.Thesenew
researchenvironmentsarelinkingtogetherresearchteams,digitaldata
andinformationlibraries,high-performancecomputationalservices,
scientificinstruments,andarraysofsensors.Inmanycasesthese
emergingenvironmentsforknowledgeworkareessential,notoptional,
totheaspirationsofresearch.Weseeglimpsesofthefutureinsome
shiftsincurrentresearchpractice:

•  Theclassictwoapproachestoscientificresearch,theoretical/
analyticalandexperimental/observational,havebeenextendedto
insilicosimulationandmodelingtoexplorenewpossibilitiesandto
achievenewprecision.

•  Theenormousspeedupsofcomputersandnetworkshaveenabled
simulationsoffarmorecomplexsystemsandphenomena,aswellas
visualizingtheresultsfrommanyperspectives.

•  Advancedcomputingisnolongerrestrictedtoafewresearchgroups
inafewfieldssuchasweatherpredictionandhigh-energyphysics,
butpervadesscientificandengineeringresearch,includingthe
biological,chemical,social,andenvironmentalsciences,medicine,
andnanotechnology.

•  Theprimaryaccesstothelatestfindingsinagrowingnumber
offieldsisthroughtheWeb,thenthroughclassicpreprintsand
conferences,andlastlythroughrefereedarchivalpapers.

•  Crucialdatacollectionsinthesocial,biological,andphysical
sciencesarenowonlineandremotelyaccessible–moderngenome
researchwouldbeimpossiblewithoutsuchdatabases,andsoon
astronomicalresearchwillbesimilarlyredefinedthroughtheNational
VirtualObservatory.

•  Groupscollaborateacrossinstitutionsandtimezones,sharingdata,
complementaryexpertise,ideas,andaccesstospecialfacilities
withouttravel.

Thetrendsrepresentedbytheseexampleswillonlyaccelerate.Inthe
future,wemightexpectresearchersto
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•  Combinerawdataandnewmodelsfrommanysources,andutilize
themostup-to-datetoolstoanalyze,visualize,andsimulatecomplex
interrelations.

•  Collectandmakewidelyavailablefarmoreinformation(theoutputs
ofallmajorobservatoriesandastronomicalsatellites,satellite
andland-basedweatherdata,three-dimensionalimagesof
anthropologicallyimportantobjects),leadingtoaqualitativechange
inthewayresearchisdoneandthetypeofsciencethatresults.

•  Workacrosstraditionaldisciplinaryboundaries:environmental
scientistswilltakeadvantageofclimatemodels,physicistswillmake
directuseofastronomicalobservations,socialscientistswillanalyze
interactivebehaviorofscientistsaswellasothers.

•  Simulatemorecomplexandexcitingsystems(cellsandorganisms
ratherthanproteinsandDNA;theentireearthsystemratherthanair,
water,land,andsnowindependently).

•  Accesstheentirepublishedrecordofscienceonline.
•  Makepublicationsincorporatingrichmedia(hypertext,video,

photographicimages).
•  Visualizetheresultsofcomplexdatasetsinnewandexciting

ways,andcreatetechniquesforunderstandingandactingonthese
observations.

•  Workroutinelywithcolleaguesatdistantinstitutions,evenonesthat
arenottraditionallyconsideredresearchuniversities,andwithjunior
scientistsandstudentsasgenuinepeers,despitedifferencesinage,
experience,race,orphysicallimitations.

Whyactnow?Currentlyobservedactivitiesandbenefitsrepresent
justthebeginningsofarevolution.Computershavebeenimproving
fordecades,andsomeresearchershavetriedtodomanyofthe
activitieslistedabove.Webelievethatseveralkeythresholdshave
recentlybeenreachedintheuseofIT,inpartbecauseNSFhasmade
largeandsuccessfulinvestmentsinanumberofresearchareas,
includingnetworking,supercomputing,humaninterfaces,collaboration
environments,andinformationmanagement.Therearemanyreasons:

•  TheInternetandtheWebwereinventedtosupportthework
ofresearchers,andtheirusepermeatesallofscienceand

engineering.Broadbandnetworksconnectallresearchcentersand
enabletherapidcommunicationofideas,thesharingofresources,
andremoteaccesstodata.Thenextgenerationsofthenetpromise
evengreaterbenefitstotheresearchcommunity.

•  Mostmodernresearchersarefullyconversantwithanddependent
onadvancedcomputingfortheirdailyactivity,andhaveathirstfor
more.Olderscientistsarelearningtotakeadvantageofthenew
technologies.

2.2   ThresholdsandOpportunities
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•  Closed-formanalyticsolutionsareavailableforadecreasingfraction
ofinterestingresearchchallenges;oftenonlyanumericcomputation
canproduceusefulresults.

•  Moore’slawhasledtosimulationsthatbegintomatchthecomplexity
oftherealworld,withfullythreedimensional,time-dependent
modelingwithrealisticphysicalmodelsopeningupavastrangeof
problemstoqualitativeattacks.Theyrangefromcosmologytoprotein
folding–problemsformerlyconsideredfartoocomplextoaddress
directly.

•  Inanincreasingfractionofcases,itisfaster,cheaper,andmore
accuratetosimulateamodelthanconstructandobserveaphysical
object.

•  Increasinglyubiquitousnetworkingandinteroperabilityofinformation
formatsandaccessmakehigh-qualityremotecollaborationfeasible.

•  Storingterabytesofinformationiscommonandinexpensive;
archivescontaininghundredsorthousandsofterabytesofdatawill
beaffordableandnecessaryforarchivingscientificandengineering
information.

•  Computingpowerthatwasunavailableonlyafewyearsago–trillions
ofoperationsaseconds–cannowbefoundinanumberofresearch
organizations.

•  Computationalandvisualizationtechniqueshaveprogressed
enormouslyandprovideasmuchscientificvalueasimproved
hardware.

•  Mostresearcherswouldnotbeabletofunctionwithoute-mailor
accesstotheWeb.Theycertainlywouldhavefewercontactswith
distant,especiallyinternational,scientistsandbemuchlessableto
stayonthecuttingedgeoftheirfield.

Therearealsosignificantrisksandcostsifwedonotmakeamajor
moveatthistime:

•  Absentcoordination,researchersindifferentfieldsandatdifferent
siteswilladoptdifferentformatsandrepresentationsofkey
information,whichwillmakeitforeverdifficultorimpossibleto
combineorreconcile.

•  Absentsystematicarchivingandcurationofintermediateresearch
results(aswellasthepolishedandreducedpublications),data
gatheredatgreatexpensewillbelost.

•  Effectiveuseofcyberinfrastructurecanbreakdownartificial
disciplinaryboundaries,whileincompatibletoolsandstructurescan
isolatescientificcommunitiesforyears.

•  Groupsarebuildingtheirownapplicationandmiddlewaresoftware
withoutawarenessofcomparableneedselsewhere,bothwithinthe
NSFandacrossallofscience.Muchofthissoftwarewillbeoflimited
long-termvalueabsentaconsistentcomputerscienceperspective.
Timeandtalentwillbewastedthatcouldhaveledtomuchbetter
computingandmuchbetterscience.
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•  Dramaticchangesarecomingincomputingandapplication
architectures;lackofconsiderationofworkinothersciencesand
inthecommercialworldcouldrenderprojectsobsoletebeforethey
deliver.

•  Muchoftheeffortunderwaytousecyberinfrastructurefor
collaborativeresearchisnotgivingadequateattentiontosociological
andculturebarrierstotechnologyadoptionthatmaycausefailure,
evenafterlargeinvestments.

ThetimeisripeforNSFtoacceleratetherevolutionforthebenefitof
society.Aconfluenceoftechnology-pushandscienceandengineering
research-pullactivitiesandpossibilitiesmakesthistherighttime.
Researchersarerampinguptheiruseofcomputingresources,starting
tostoreenormousamountsofinformation,andsharingit.Distributed
computing,largeclusters,datafarms,andbroadbandnetworks
(typifiedbyInternet221,Grid22,andWebServices23directions)have
movedfromresearchtopracticaluse.Weanticipateaphasechange,
wheredirectattentiontothisopportunitycanhaveahighlydesirable
andnonlineareffect.

Weenvisionanenvironmentinwhichrawdataandrecentresults
areeasilyshared,notjustwithinaresearchgrouporinstitutionbut
alsobetweenscientificdisciplinesandlocations.Thereisanexciting
opportunitytoshareinsights,software,andknowledge,toreduce
wastefulre-creationandrepetition.Keyapplicationsandsoftware
thatareusedtoanalyzeandsimulatephenomenainonefieldcan
beutilizedbroadly.Thiswillonlytakeplaceifallsharestandardsand
underlyingtechnicalinfrastructures.Althoughmanyofthemechanisms
tosupportthebestscientificcomputingarebecomingavailablethrough
commercialchannels,therecontinuetobespecialneedsthatthe
commercialsectorisunlikelytomeetdirectlybecauseofthemarket
sizeandtechnologicalrisks.

Scientistsmusthaveeasyaccesstothefinesttoolsfromthe
commercialandadvancedresearchsectors,withoutdampeningtheir
creativityandardortodoevenbetter.Individualresearchersexpend
toomucheffort,frequentlywithinsufficientknowledgeablecomputing
assistance,tocreateandre-createcomputingresources;toaccess,
reformat,andsaveinformation;toprotectthedataandsoftwareassets.
Muchofthisworkcouldbedonebycomputingexpertsandshared
acrossthescientificresearchcommunity.TheACPwillencourage
groupsofscientiststoundertakelargecoordinatedinformation-
intensiveprojectsthatcanradicallychangethewaytheyandtheir
peerswork,andthatwillsupportthesharingandlong-termuseof
informationthatresultsfromtheirwork.

Insummarythen,theopportunityisheretocreatecyberinfrastructure
thatenablesmoreubiquitous,comprehensiveknowledgeenvironments
thatbecomefunctionallycompleteforspecificresearchcommunities
intermsofpeople,data,information,tools,andinstrumentsand
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thatincludeunprecedentedcapacityforcomputational,storage,
andcommunication.Suchenvironmentsenableteamstoshare
andcollaborateovertimeandovergeographic,organizational,and
disciplinarydistance.Theyenableindividualsworkingalonetohave
accesstomoreandbetterinformationandfacilitiesfordiscovery
andlearning.Theycanserveindividuals,teamsandorganizations
inwaysthatrevolutionizewhattheycando,howtheydoit,andwho
participates.

Figure2.1illustratesthetypesoffacilitiesandservicestobeprovided
inanintegratedwaybyacyberinfrastructurelayer(shaded).This
layerisbuiltuponbasetechnologyforcomputation,storage,and
communication.Cyberinfrastructureshouldbeproducedand
managedinawaythatenablesresearchcommunities/projectsto
tailorefficientandeffectiveapplication-specific,butinteroperable,
knowledgeenvironmentsforresearchandeducation.Interoperability
isimportantforfacilitatingmultidisciplinaryprojectsastheevolution
ofdiscoverydictates.ThePanelhaslearnedthatnewtypesof
scientificorganizationsandsupportingenvironments(“laboratories
withoutwalls”)areessentialtotheaspirationsofgrowingnumbersof
researchcommunities/projectsandthatthustheyhavebeguncreating
suchenvironmentsundervariousnamesincludingcollaboratory,
co-laboratory,gridcommunity,e-sciencecommunity,andvirtual
community.TheNSFthroughanACPcannowenable,encourage,and
acceleratethisnascentgrass-rootsrevolutioninwaysthatmaximize
commonbenefits,minimizeredundantandineffectiveinvestments,and
avoidincreasingbarrierstointerdisciplinaryresearch.

Figure2.1Integratedcyberinfrastructureservicestoenablenewknowledge
environmentsforresearchandeducation.
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Achievingthisvisionchallengesourfundamentalunderstandingof
computerandinformationscienceandengineeringaswellaspartsof
socialscience,anditwillmotivateanddrivebasicresearchinthese
areas.Weenvisionradicalimprovementsincyberinfrastructureand
itsimpactonallscienceandengineeringovertime,asworkripensat
theintersectionoffundamentaltechnicalandsocialresearchrelevant
tocyberinfrastructure,aswellastheapplicationofcyberinfrastructure
todiscoveryandlearning.Successinthisventurehasprofoundbroad
implicationsforresearch,education,commerce,andthesocialgood.

ThevisionofanACPcannotbeachievedbyprocuringexisting
commercialtechnologiesalone.Ofcourse,totheextentthat
commercialtechnologiesandservicesareavailableofftheshelf,they
shouldbeincorporated.Butinformationtechnologyishardlymature;in
fact,itisalwaysevolvingtowardgreatercapabilities.Itsapplicationsare
evenlessmature,andtherearemanyopportunitiestomoldittobetter
meettheneedsofendusers.Whilepossessingmanycommonalities
withcommercialtechnologiesandapplicationsinwidespreaduse,
scienceandengineeringresearchhavedistinctiveneeds.These
needscanoftenserveastechnologydriversrequiringextremesof
processingandcommunicationrates,storagecapacities,theneedfor
unanticipatedaccesstodatabymany,andthelongevityofdata.Thus,
researchinnewinformationtechnologiesandapplicationsutilizing
thosetechnologiesoftenhaveimportantcommercialspin-offs.This
situationisillustratedbysupercomputing,firstappliedtoscientificand
militaryapplicationsandlatertomanycommercialpurposes.

TheNSFmissionincludesadvancinginformationtechnologiesand
theireffectiveapplicationtosocietalneedsthroughbasicandapplied
researchininformationtechnology.TheACPoffersasignificant
opportunityforresearchintothemoreeffectiveapplicationsof
informationtechnologyandopportunitiesforidentifyingandrefining
itssupportingcyberinfrastructure.Justassupercomputingand
numericalmethodshavebeengreatlyadvanced(andwillcontinue
tobeadvanced)byaddressingtheneedsofthescientificand
engineeringcommunities,theACPwillbeasignificantdriverfora
diversesuiteoftechnologiesincludingcollaborativetechnologies,
massiveinteroperabledistributeddatabases,digitallibraries,and
thepreservationandminingofdata.Weexpect(andtheNSFshould
encourage)commercialspin-offsfromthisresearch,benefiting
21commercialscienceandengineeringresearchanddevelopmentand
otherapplicationareas.

Theconductofscienceandengineeringisasocialactivity,pursued
byindividuals,collaborations,andformalorganizations.Any
enlightenedapplicationofinformationtechnologymusttakeinto

2.3   ImprovingInformationTechnologyPerformanceandUse
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accountnotonlythemissionofscienceandengineeringresearch
butalsotheorganizationsandprocessesadoptedinseekingthese
missions.AmajoropportunityintheACPistorethinkandredesign
theseorganizationsandprocessestomakebestuseofinformation
technology.Infact,thisismorethananopportunity;itisarequisite
forsuccess.Experiencehasshownthatsimplyautomatingexisting
methodologiesandpracticesisnotthemosteffectiveuseof
technology;itisnecessarytofundamentallyrethinkhowresearch
isconductedinlightofnewtechnologicalcapabilities.Advanced
cyberinfrastructureoffersthepotentialtoconductnewtypesof
researchinnewways.Doingthiseffectivelyrequiresholisticattentionto
mission,organization,processes,andtechnology.Itcreatestheneedto
involvesocialscientistsaswellasnaturalscientistsandtechnologists
inajointquestforbetterwaystoconductresearch.

TheACPrequiresgovernmentinvestmentinresearchanddevelopment
ofcyberinfrastructuretechnologies(principallysoftware)forseveral
reasons.First,themarketplaceunderinvestsinlongtime-horizon
research.Thecyberinfrastructureandapplicationtechnologies
arewithinthedomainofNSFresponsibilityforgovernment-
fundedresearch,andtheACPwillmaintainU.S.leadership
inthesetechnologiesthroughresearch,experimentation,and
commercialization.Second,infrastructureandapplicationssuffer
fromachicken-and-eggconundrumthatinfrastructurerequiresa
diversityofsuccessfulapplicationsforitscommercialviability,while
commercialapplicationstargetonlywidelydeployedinfrastructure.This
ACPwillfollowthesuccessfulmodeloftheInternet,withtargetedand
coordinatedgovernmentinvestmentininfrastructureandapplications,
experimentationandrefinementinactualuses,andcoordinated
commercializationofbothelementstogether.Third,whileweexpect
manyifnotmostofthetechnologiesdevelopedinthisACPtobeof
broadapplicability,scienceandengineeringresearchhasspecial
needsinfunctionality,performance,andscalethatareunlikelytobe
fullyservedbycommercialfirms,atleastnotwithoutgovernment
assistance.

Weproposealargeandconcertedneweffort,notjustalinear
extensionofthecurrentinvestmentlevelandresources.NSF
mustrecognizethatboththescopeandthescaleofshared
cyberinfrastructuremustbefarbroaderanddeeperthaninthepast.
Cyberinfrastructureincludescomputingcycles,butalsobroadband
networking,massivestorage,andmanagedinformation.Eventhese

2.4   RationaleforGovernmentInvestment

2.5   ScopeoftheACP
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arenotsufficient.Theremustbeleadershiponsharedstandards,
middleware,andbasicapplicationsforscientificcomputation.The
individualdisciplinesmusttaketheleadondefiningcertainspecialized
softwareandhardwareconfigurations,butinacontextthatencourages
themtogivebackresultsforthegeneralgoodoftheresearch
enterpriseandthatfacilitatesinnovativecross-disciplinaryactivitiesin
theneartermandinthedistantfuture.

Amajorpointisthatcyberinfrastructureincludesmorethanhigh-
performancecomputingandconnectivity.Notonlyisitfocusedon
sharingandefficiencyandmakinggreatercapabilitiesavailableacross
thescienceandengineeringresearchcommunities,butitalsoserves
otherimportantgoalssuchasfacilitatingnewapplications,allowing
applicationstointeroperateacrossinstitutionsanddisciplines,ensuring
thatdataandsoftwareacquiredatgreatexpensearepreserved
forfuturegenerationsandeasilyavailabletoall,andempowering
enhancedcollaborationoverdistanceandacrossdisciplines.

Tosucceed,NSFmustinstituteabroadanddeepprogramthat
supportsthetrueneedsofallthescienceandengineeringmissions
withinNSFbycommittingtomakethefruitsofcyberinfrastructure
researchanddevelopment(aswellasrelatedworkfromotheragencies
andcompanies)availableinanintegratedfashiontofacilitatenew
approachestoscientificandengineeringresearch.Itmustensurethat
theexponentiallygrowingdataiscollected,curated,managed,and
archivedforlong-termaccessbyscientists(andtheirITapplications)
everywhere,tocreateandcontinuallyrenovateanew“highend”,so
thatselectedresearchprojectscanusecentralizedresources100-
1000timesfasterandbiggerthanareavailablelocally.Thecontinuing
geometricalimprovementsincomputingspeedsandstorageand
networkingcapacitymeanthatresearchgroupsanduniversitiesnow
haveimmediateaccesstofarmoreresourcesthanever,buttherecent
limitednationalinvestmentinhigh-endresourcesconstrainsthemost
aggressiveresearchprojectsfromachievingthenextlevelofcomplexity
andresolution.

Nationalneedsforadvancedcyberinfrastructurewilldrivesignificant
newresearchanddevelopmentincomputerandsystemsarchitecture.
TheNSFneedstotakeadvantageofandparticipateinsuchefforts
tocontinuallyimproveresearchcyberinfrastructure;andtosupport
researchinareasofcomputingsciencethatarelikelytohavelargest
impact.Scienceandengineeringeducatorscanalsousethenew
infrastructuretoeducatethenextgenerationsofscientistsusingbest
techniques,spanningdisciplinaryboundaries,anddemocratizing
participation.Itcanenhanceinternationalcollaborationandresource
sharing.
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TheACPinvolvessignificanteducationaldimensionsintermsofboth
needsandoutcomes.Theresearchcommunityneedsmorebroadly
trainedpersonnelwithblendedexpertiseindisciplinaryscienceor
engineering,mathematicalandcomputationalmodeling,numerical
methods,visualization,andsociotechnicalunderstandingofgridor
collaboratoryorganizations.Gridandcollaboratoryenvironments
builtoncyberinfrastructurecanenablepeopletoworkroutinelywith
colleaguesatdistantinstitutions,evenonesthatarenottraditionally
consideredresearchuniversities,andwithjuniorscientistsand
studentsasgenuinepeers,despitedifferencesinage,experience,
race,orphysicallimitations.Theseenvironmentscancontribute
toscienceandengineeringeducationbyprovidinginteresting
resources,excitingexperiences,andexpertmentoringtostudents,
faculty,andteachersanywherethereisaccesstotheWeb.Thenew
tools,resources,extensionsofhumancapability,andorganizational
structuresemergingfromtheseactivitieswilleventuallyhavebeneficial
effectonthefutureofeducationatalllevels24andonknowledge-based
institutionsmoregenerally.

TheACPalsohasgreatpotentialtoempowerpeoplewho,becauseof
physicalcapabilities,location,orhistory,havebeenexcludedfromthe
frontiersofscientificandengineeringresearchandeducation.

ThevisionofACPistousecyberinfrastructuretobuildmore
ubiquitous,comprehensivedigitalenvironmentsthatbecomeinteractive
andfunctionallycompleteforresearchcommunitiesintermsof
people,data,information,tools,andinstrumentsandthatoperateat
unprecedentedlevelsofcomputational,storage,anddatatransfer
capacity.Increasingly,newtypesofscientificorganizationsand
supportingenvironmentsforscienceareessential,notoptional,tothe
aspirationsofresearchcommunitiesandtobroadeningparticipation
inthosecommunities.Theycanserveindividuals,teamsand
organizationsinwaysthatrevolutionizewhattheycando,howtheydo
it,andwhoparticipates.

Earlycomputationalmodelsofphysical,mechanical,andbiological
systemswereconfinedtobasicrepresentationsofthemost
fundamentalpropertiesandprocesses.Resultsfromsuchmodels,
baseduponalimitednumberofcalculationspainstakinglyevaluated,
providednewtheoriesandexplanationsofbehaviorseitherobservedin
natureorsimulatedwithphysicalmodels.Later,increasesincomputing
andnetworkingcapabilitiesbredanewgenerationofmodelscontaining
substantiallygreaterrealismandtheabilitytoapproachscientificand
engineeringproblemsfroma“systems”pointofview.Further,and
perhapsmoresignificantly,thesemodelshaveledtofundamental
discoveries.


2.6   HowWillScienceandEngineeringResearchbeChanged?
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TheACPisexpectedtoproduceanothersignificantstepforwardin
scientificandengineeringdiscovery,notonlythroughinvestments
inrawcomputing,storage,andnetworkingresources,butalsoby
creatinganinfrastructureofequipment,softwaretools,andpersonnel
–appropriatelyadministered–tofacilitatethesolutionofcomplex,
coupledproblemsinvolvingmassivedatacollection,computation,and
analysis.Cyberinfrastructureasweenvisionitincludesnotonlyhigh-
performancecomputationservices,butalsointegratedservicesfor
knowledgemanagement,observationandmeasurement,visualization,
interaction,andcollaboration.

Whileitisimpracticalandunnecessarytomakedetailedprojections
oftheimpactofACPonallscienceandengineeringdisciplines,afew
examplescanillustratehowscientificandengineeringresearchwillbe
revolutionizedandthebenefitsthatwillflowfromthosechanges.

AtmosphericScience–In1998,theNationalResearchCouncil25
notedthat,althoughsmall-andintermediate-scaleclimatemodeling
intheUnitedStatesisenjoyingnotablesuccess,thehighest-end
researchopportunitiesarelimitedinpartbythelackofappropriate
computingresources.Notsurprising,thehighest-endresourcesare
mostimportantforunderstandingthecarboncycleandothercomplex
processesthatgoverntheglobalclimatesystem.TheACPwillenable
thedevelopmentandexecutionoffullycoupledEarthsystemmodels
thatwillallowthesimulationofclimateforhundredsandthousandsof
years,downtogridspacingof10km,andthatwillincludecomplete
andfullylinkedrepresentationsofchemical,biological,andecological
processesintheatmosphere,hydrosphere,andlithosphere.

Attheotherendofthetimespectrum,today’soperationalglobaland
hemisphericweatherforecastmodelsutilizegridspacingof~50km,
whilelimited-arearegional/synopticmodelsoperateongridsof15-
20kmspacing.Althoughsuchrepresentationsoftheatmosphere
arevastlybetterthanthoseusedevenadecadeago,theyremain
inadequateforcapturingnature’smostintenseandlocallydisruptive
weather.Researchnowunderwayintheexplicitpredictionofindividual
thunderstormsandtheirwintertimecounterparts,usinggridspacing
oforder1kilometer,isshowingconsiderablepromiseandcouldhave
atremendousimpactonaviation,communications,agriculture,and
energy.However,thecomputationalchallengesaredaunting.The
ACPwillenableresearchtocreateeffectiveframeworksforboth
exploringsmall-scaleatmosphericpredictabilityanddealingwiththeir
associatedmassiveamountsofobservationaldataandmodeloutput.It
willalsoenablethefederationofthenecessarymultidisciplinary,multi-
institutional,andgeographicallydispersedhumanexpertise,archival
data,andcomputationalmodels.

Forestry–Tremendousprogressisbeingmadeinthemodelingof
wildfires,withtheexplicitinclusionoffuelsandchemicalreactionsand
fulltwo-waycouplingwiththeatmosphere.TheACPcomputational
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resourceswillallowforamorecompleterepresentationofland-surface
characteristics,fuelcompositionandconsumption,andfeedbacks,
leadingtomoreeffectivestrategiesforcombatingfiresincluding
thedevelopmentofchemicalagentswhoseimpactscanbetested
empirically,atverylargescales,inavirtualworld.Wecanalsoimagine
theemergenceof“rapidresponsecollaboratories”thatwilleventually
enableanactualforestfiretobemodeledinrealtimebasedupon
sensordatafromthefieldandusedtomonitoranddirecttheprocessof
firefighting.Runninginapredictivemode,thesemodelsdemonstrate
thecapabilitytoanticipatea“blowout”eventintimetomoveafire
fightingcrewtosafety.

OceanScience–Thefieldofoceansciencesispoisedtocapitalize
uponextraordinaryopportunitiesforadvancement,rangingfroman
understandingoftherolesplayedbytheworld’soceansinclimateand
globalchangetothedelicatebalancesthatexistincoastalecosystems.
Computeroceanmodelsnowarecapableofsimulatingdetailed
turbulentstructuresandtransportprocessesinthreedimensions.
Tounderstandandpredictthefullclimatesystemwill,forexample,
requirefacilitiesintheACPcapableofcomputationalcouplingto
atmosphericmodels,andinclusionofthecomplexchemistryneededto
understandthephysicsofcarbonsequestration.Sucheffortsrequire
computational,data,andnetworkingresourcesordersofmagnitude
beyondthosepresentlyavailable.Thecoastalzone,fundamentally
importanttofisheries,defense,recreation,andhumanhealth,is
avastlycomplexenvironmentaffectedbyfreshwaterrunoff,the
introductionoflargeinputsofnitrogenandothernutrients,andthe
episodicreleaseofpollutants.Anaccuraterepresentationofthese
andotherbiogeochemicalprocesseswillallowforbetterstewardship
ofthecoastalenvironmentandprovideframeworksforpolicydecisions
affectingthenation’seconomy.

EnvironmentalScienceandEngineering–Thepreviousthree
activitiesandmanyothersarepartofagrowingcollectionof
interdisciplinaryandinterorganizationalactivitiesintheareaof
environmentalresearchandeducation,muchofitnurturedbyacross-
cuttingEnvironmentalResearchandEducation(ERE)26programat
theNSF.Thiscommunityhasbeenamongtheleadersinexploring
requirementsforcyberinfrastructuresupportingthenecessary
integrationofenvironmentalresearchandeducationfocusedon
understandingfundamentalprocessesinvolvedinphysical,biological,
andhumansysteminteractions.Examplesincluderesearchinthe
areasofecosystemdynamics,cellfunction,atmosphericchemistry,
biogeochemicalcycles,politicaloreconomicinstitutionalprocesses,
coastaloceanprocesses,populationbiologyandphysiologicalecology,
Earthsystemhistory,solarinfluences,andthestudyoftheinteractions
responsiblefortheozonehole.Thisisanexampleofacommunityfor
whichadvancedcyberinfrastructurewillhaveahighpayoff.
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SpaceWeather–Althoughterrestrialweatherandclimateareof
considerableimportancetosociety,spaceweather–ortheconditions
inspacethatarisefrominteractionsbetweentheEarthandsun
–isgrowingrapidlyinimportance.Activespaceweathercan,for
example,disruptsurfaceandspace-basedpowerandcommunication
infrastructures,benefitingnotonlycommerceandtheeconomybut
alsonationaldefense.Todate,thesunandEarthhavebeenstudied
largelyasindividual,isolatedsystems.However,afullycoupledEarth-
sunframeworkisessentialforunderstandingthephysicsandsocietal
impactsofspaceweather.Thisisatrulyglobalresearchcommunity,
andtheACPwillcreateacollaboratoryofinternationalscience
teams,hundredsofgroundandspace-borneinstruments,predictive
computationalmodels,andhistoricaldataarchives.Thiswillimprove
fundamentalunderstandingandoperationalspaceweatherforecasting.

ComputerScienceandEngineering–Thefoundationof
cyberinfrastructureiscomputerandinformationscienceand
engineering–areaswhosebreadthandimpacthaveexpandedin
thepasttwodecades,anduponwhichnumerousotherdisciplines
dependforefficientandreliableprocessing,communication,security,
management,storage,andvisualization.Theresearchchallenges
arevaried,andenablerevolutionaryscienceandengineering.
Unconventionalarchitecturesbaseduponnewsubstrates(e.g.,
quantumandbiological,includingsmartfabricandmolectronics)
offerpromiseforbreakingthesiliconCMOSbarrier.Self-diagnosing
andadaptivesystemswillbeessentialformanagingtheincreasingly
complexdistributedhardwareandsoftwareinfrastructures.Wealso
facechallengesinsecurity,scalability,faulttolerance,brokering,
scheduling,andpolicy.Digitallibraries,metadatastandards,digital
classification,anddataminingarecritical.Additionally,moreeffective
languages,compilers,middleware,andintegration–especiallyin
utilizingdistributedsystems–areakeyenabler.AnACPcould
revolutionizecomputerscienceandengineeringresearchitself
because,forexample,ofitsinherentcomplexityandrequirements
forsystemicintegration,theopportunityforsynergybetween
creatingandapplyingnewknowledge,andtheneedforamore
integratedunderstandingofthetechnicalandsocialdimensionsof
cyberinfrastructureappliedtoresearchandeducation.

InformationScienceandDigitalLibraries–Aninformation-driven
digitalsocietyrequiresthecollection,storage,organization,sharing,
andsynthesisofhugevolumesofwidelydisparateinformationand
thedigitizationofanalogsensordataandinformationaboutphysical
objects.Thedigitallibraryencompassesthesefunctions,andresearch
anddevelopmentareneededfortheinfrastructurestomass-manipulate
suchinformationonglobalnetworks.Digitallibrariesalsoprovide
powerfultoolsforlinkingandrelatingdifferenttypesofinformation,
leadingtonewknowledge.Thesecapabilitiesrequirenewparadigms
forinformationclassification,representation(e.g.,standards,protocols,
formats,languages),manipulation,andvisualization.TheACPwill
spearheadsuchnewdevelopments.
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Biology/Bioinformatics–Aneweraofbiologyisdawningexemplified
bythehumangenomeprojectandthepromiseofnewscienceaffecting
areassuchascropproductionandpersonalizedmedicine.Theraw
DNAsequenceinformationdepositedinpublicdatabasesdoubles
everysixmonthsorso;itsanalysishasmotivateddevelopmentof
thenewfieldbioinformatics.Characterizationofproteinfolding,for
example,utilizingthe30,000orsoproteinstructurescurrentlyavailable
inthepublicrepository,wouldrequirehundredsofyearsontoday’s
desktopcomputers.Whilethiscalculationcanbecompletedinweeks
oncurrentlyavailablemassivelyparallelteraflopscomputers,underthe
envisionedACPonecanimaginetheprocessbeingreducedtoliterally
hours.Suchworkwillimproveourunderstandingofmyriadbiological
functionsanddiseasestatesandprovideaframeworkfordeveloping
newtherapiesanddiseaseandweather/climateresistantplants.

Medicine–Medicaladvancesofgreatbenefittohumanityare
expected,rangingfromtelemedicineanddrugtherapiestonon-
invasiverepairofdamagedtissue.Asignificantbreakthroughwillbe
thecreationofafunctional,three-dimensionalcyberhumanbody.This
capabilitywillprovidevasteducationalopportunitiesrangingfromthe
performanceofsurgeriesonvirtualcadaverstophysiologyeducation
ofmiddle-andhigh-schoolstudents.Muchlikeflightsimulators,the
virtualhumanalsoprovidesaframeworkforrepeatedexperimentation
understrictlycontrolledconditions,rangingfrommacroscale
structures(likeorgansandthemusculo-skeletalsystem)toindividual
cells.Amongotherbenefits,avirtualhumanwillsignificantlyreduce
theimbalanceamongschoolsintheirfacilitiesforstudyinghuman
physiology.

Physics–Physicsispursuingmajorprojectsdependingonadvanced
cyberinfrastructure.High-energyphysics,forexample,musthave
global-scale,high-performancegridsandcollaboratoriestosupport
theacquisition,distribution,storage,andcollaborativeevaluation
ofthemassivedatasetsgeneratedbythepremiereinstrumentsat
CERN.Globalscalecollaborationwillenableexperimentationandalso
designingandconstructingfacilitiesandtheexperimentsusingthem.
Thiscommunityisusingcyberinfrastructuretosupportdistributed
learningforprofessionaldevelopmentandtoallowfacultytoremain
activeinteachingandmentoringattheirhomeinstitutionswhile
residentatCERNinSwitzerland.

Astronomy–Traditionally,astronomershaveanalyzedobservations
ofindividualtargetswhileassemblingtheorieslimitedintheir
considerationoflarger-scaleinteractions.Suchindividualobservations
arebeingreplacedbywhole-skysurveysofenormousdetailand
petabytedatasets,providingglobalviewsofphenomenaranging
fromblackholestosupernovae,andidentifyingnewobjectssorare
thatonlyoneortwomayexistamongbillionsofobjects.Theneeded
computationalinfrastructuredoesnotexistbutwillbeenabledby
theACP.Thisrevolutioninastronomydrivenbycyberinfrastructure
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promisestoenableawholenewlevelofunderstandingoftheuniverse,
itsconstituents,andtheiroriginsandevolution,touchingontheissues
rangingfromthefundamentalphysicsintheearlyuniversetothe
abundanceofEarth-likeplanetsandtheoriginsoflife.

Engineering–Thedistinctionsbetweenscienceandengineeringare
blurring,asillustratedbyanengineeringcomponentinalltheareas
inthissection.Oneexampleoftheimpactonengineeringpractice
istheunderstandingofturbulence.Thirtyyearsago,itwasgenerally
believedimpossibletoperformdirectnumericalsimulationofturbulence
(i.e.,simulationfromfirstprinciples,withexplicitrepresentationof
chaoticmotions).Todaythishasbeendone,andisrevolutionizingthe
designofcombustionengines,aircraft,andautomobilesaswellas
theunderstandingofcloudsandthespreadofpollution.However,it
isnotcurrentlypossibletosimulateturbulenceinlargevolumesorat
highspeeds–asignificantlimitationaffectingmostoftheinteresting
andrelevantapplications.Further,themassivedatasetsproduced
bydirectturbulencesimulationsaredifficulttoanalyzeandvisualize,
thusthwartingeffortstomovefromtheturbulenceproducedbya
smallbirdtothatproducedinthewakeofajumbojet.TheACPwill
makeavailabletherawcomputational,datahandling,andvisualization
resourcesneededtomeetthesechallengesandthustoimprove
themanufacturingoflargeandsmalldeviceswhereturbulenceis
important.

MaterialsScience&Engineering–Computersimulations,enabled
bytheenvisionedACP,willmakepossiblequantummechanical
calculationsonnanoscalesystems,which,inturn,willenablethe
fundamentalprinciplesgoverningtherationaldesignofnewmaterials
fornanotechnologytobeuncovered.Suchsimulationswill,forexample,
contributenotonlytothedesignbutalsototherationalsynthesis
oftrulynovelmaterialsforITandnationalsecurityapplicationsand
ofnanocatalyticmaterialsforthechemicalindustry.Extrapolation
ofwhatiscurrentlypossiblewithsimulationsbasedonclassical
mechanicsandatom-basedforcefieldsoncurrentteraflopscomputers
indicatesthatstructuralanddynamicalpropertiesoftrillion-atom
systemscoveringalengthscaleofafewmicronswillbepossibleon
apetaflopscomputer.Thiswillenablethestudyofsystemsranging
fromnanoscalecompositematerialswithrealisticmicrostructuresto
biologicallyinspiredself-assembleddevicesformedicalapplications.
Further,multiscalequantum-atomistic-continuumsimulationsusing
theenvisionedACPmayenabletheintegrationofthousandsof
heterogeneousteraflops-scalephysicalmodelsthatwillbeneededfor
morefundamentalcomponentdesignandoptimizationinadvanced
engineeringapplications.

SocialandBehavioralSciences–Asarelativelynewuserof
cyberinfrastructure,thesocialandbehavioralsciencesarepoised
tomaketremendousadvancesinavarietyofareasrangingfrom
cognitionandlinguisticstoeconomicforecasting.Simulationsofthe
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interplaybetweenconceptsandperceptioninthecourseofanalogy
makinghavebeencreated,andprogramsareunderdevelopmentfor
modelingtheperceptionandcreationofstyleintheworldofletterforms.
Devicesthatconvertneuralsignalstospeecharebeingstudied,and
newtechniquesbaseduponnumericalsimulationareaccelerating
thepaceofmentalandphysicalrehabilitation,particularlyforcasesof
extremephysicaltrauma.Newvirtualorganizationsandpracticesmade
possiblebycyberinfrastructureprovidenewareasofstudywithinthe
socialsciences.

NSFhasbothauniquebreadthofscientificscopeandresponsibility
forthehealthofthescientificresearchenterpriseintheU.S.,soNSF
isideallypoisedasaleaderincyberinfrastructurewithinthefederal
government.However,ACPcannotbefullyeffectiveifitisanNSF-
onlyprogram:significantcoordinationwithotherfederalagencies,
universities,industry,andinternationalprogramsisrequired.Thiswill
magnifytheimpactthroughinteroperabilityandconsistencyacross
alargeruniverseofresearchersandwillalsobringsignificantadded
resourcestobear.

OtherResearchSponsors–TheNIHisspendingbillionsofdollars
annuallyoninformationtechnologyinfrastructureanditssupport
anduseinresearch,butinawaythatmaynotleadtoacommon,
interoperablecyberinfrastructure,norinfrastructureattheleadingedge.
NIHhasrecentlyinitiatedmorecoordination,inthespiritofanACP,
forexampletheBiomedicalInformaticsResearchNetwork(BIRN)15.
SimilarlytheDepartmentofEnergy(DOE)NationalCollaboratories
Program16,andtheDOEprograminScientificDiscoverythrough
AdvancedComputing(SciDAC)17areexamplesofgrowinginvestment
incyberinfrastructurethatcansupplementNSFinvestments.

IndustryandUniversities–SomeofthecapabilitiesneededinACP
arecommerciallyavailable,industrymaybeinterestedindeveloping
newtechnologiesrelevanttothescienceandengineeringresearch
community,andmanytechnologiesthatareanoutgrowthoftheACP
researchanddevelopmentwillbeofinteresttothecommercialsector.
Thusindustrymustbeapartnerindevelopmentanddeployment
intheACPandwillalsobeabeneficiary.ACPwillalsoencourage
co-investmentbyuniversitiesinadvancedcyberinfrastructureon
campusesandwillprovidemodelsandexperiencewithnewtoolsand
neworganizationalformsforknowledgecreationandeducationinthe
digitalage.Itcoulddirectlycomplement,forexample,amajorthree-
yearstudynowbegunattheU.S.NationalAcademiesofScience,
Engineering,andMedicineoninformationtechnologyandthefutureof
theresearchuniversity24.Itcancatalyzeandprovideover-the-horizon
visibilitytootheragencies,researchlabs,andeducation-at-large.

2.7   ParticipationBeyondtheNSFCommunity



REVOLUTIONIZING SCIENCE AND ENGINEERING THROUGH CYBERINFRASTRUCTURE 24

International–ItisimperativethattheACPinteroperatewith
cyberinfrastructurebeingdevelopedanddeployedinothercountries.
Scienceisinternational;andmanyothercountrieshaveexpertise,data
resources,computingsystems,applicationsandsystemssoftware,and
instruments(suchastelescopesandparticleaccelerators)thatneed
tobeavailablemoreeasilytointernationalteamsincludingAmerican
scientists(andviceversa).Thehigh-energyphysicscommunity,
forexample,musthaveappropriatecyberinfrastructuretoenable
collaborationinexperimentsusingthepremierinstrumentsatCERNin
Switzerland.

Collaborationwithinandamongdisciplinesisgrowingrapidly;insome
caseshundredsofscientistsareworkingonasingleprojectacross
theglobe.Cyberinfrastructuremustsupportthistypeofcollaboration
inareliable,flexible,andcost-effectivemanner.TheactivityinEurope
andAsiaincyberinfrastructurehasincreasedoflate;itismutually
beneficialtoestablishedstronglinkswithrelevantinternationalefforts
andtoco-fundsignificantcollaborativeinternationalprojects.Science
isincreasinglyglobal,yetitisstilldifficulttofundjointinternationale-
scienceprojectsthatdeveloporrequirecyberinfrastructure.

Majorscientificlaboratorieselsewherehavecontributedsignificantlyto
advancedscientificcomputing,andcontinuetodoso.(TheWebwas
bornatCERN,justasthebrowserwasbornatNCSA.)Forexample,
theUKNationalGridispartoftheiroveralle-scienceeffort,andthe
NetherlandsNationalGridhassimilargoals.TheEUisconsideringa
numberofevenbroaderGridproposals.

Afewexamplesofrelevantinternationalactivitiesincludethefollowing:

•TheUKrecentlylaunchedan“e-Science”program18thathasmanyof
thecharacteristicsoftheACP.Theaimsofthisprograminclude:

−  provideinfrastructureandfacilitiesneededfornextmajorstages
ofinternationalcollaborativeresearchingenomicsandbioscience,
particlephysics,astronomy,earthscience&climatology,engineering
systems,andthesocialsciences;

−  contributetotheemergenceofnextgenerationopenplatform
standardsforglobalinformationutilities;

−  solvemajorchallengesinprocessing,communication,andstorage
ofverylargevolumesofvaluabledata;

−  providegenericsolutionstoneedsofindividualdisciplinesand
applications;and

−  provideoptimalinternationalinfrastructure.
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Initialfundingforthee-Scienceprogramisontheorderof$200million
overthreeyears,mostofwhichisallocatedtolargeapplications
projectsandaquarterofwhichisdevotedtodevelopingthenecessary
softwareinfrastructure.Thelattereffortsarecollaboratingcloselywith
AmericanandEuropeanprojectsthataredevelopingmiddlewareand
insomecasesevenprovidingfundingforthoseinternationalgroups.
Thee-Sciencefundsaresupplementedbyinfrastructurefundingfrom
previouslyexistingprogramsthatsupportbothaverycapableUK-wide
researchnetwork(10Gb/sbackbone)andhigh-speedinternational
linksandhighendcomputingresources.Onthelattertopic,inJuly
theUKScienceResearchCouncilsignedacontractwithIBMwith
anoverallcostof£53m(over$82M)foracomputersystemknown
asHPC(X).Theinitial3teraflopsconfigurationofHPC(X)willramp
upto12teraflopsby2006,withateraflopsratingbasedonLINPACK
performance.

•TheEuropeanUnionhasfundedwelloveradozenGridprojects
aswellasahigh-speedEuropeanresearchnetwork–GEANT27.
GEANTreachesover3,000researchandeducationinstitutionsin
30-pluscountriesthrough28nationalandregionalresearchand
educationnetworks.Itisalsoquitefast:nineofitscircuitsoperate
atspeedsof10Gbps,whileelevenothersrunat2.5Gbps.GEANT
hasthedualrolesofprovidinganinfrastructuretosupportresearch
inapplicationdomainsandprovidinganinfrastructurefor(network)
researchitself.

•IntheupcomingSixthFrameworkProgram19,theEUhasallocated
300MeurosforfurtherupgradingtheGEANTnetworkandfor
buildinglarge-scaleGridtest-beds.Asolicitationforproposalswill
beissuedinthefirsthalfof2003.Inaddition,thereareanumberof
gridprojectsunderwayfundedbyindividualcountries.Apartiallist
includesCanada,China,Denmark,India,Japan,Korea,Norway,
Romania,Sweden,andSwitzerland.Typicalfundinglevelsaretens
ofmillionsofdollarsperprojectoverseveralyears.

•Othercountriesalsohavesignificantcomputingresourcesthatare
usedforcomputationalscience.Intheearly1980sU.S.academic
researchersgainedaccesstoEuropeancomputingfacilitiesenabling
larger-scalecomputationalscienceresearch.InJapan,many
universitiesandresearchlaboratorieshavehigh-endfacilities,and
inMarch2002theEarthSimulator20systembecameoperational.
TheEarthSimulator,currentlytheworld’sfastestcomputersystem
withapeakspeedof40teraflops,wasbuiltbyNECfortheEarth
SimulatorResearchandDevelopmentCenter,acollaborative
organizationoftheNationalSpaceDevelopmentAgencyofJapan,
JapanAtomicEnergyResearchInstitute,andJapanMarineScience
andTechnologyCenter.TheEarthSimulatoristargetedatanalysis
ofglobalenvironmentalproblemsthroughsimulationofgeophysical,
climate,andweather-relatedphenomena.
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Atpresent55%ofthetop500computersystemsintheworld(based
onLINPACKratings),representing56%oftheaggregateLINPACK
flops,areoutsidetheUS.Ofthetop100systems,33aredesignated
foracademicuse.Ofthose,only9areintheUS,evenifoneincludes
thesystemsatNCAR28andatNERSC29.Inareassuchashigh-end
computingandhigh-speednetworkinfrastructure,othercountries
areeitherintheleadoronaparwiththeUS.However,latein2002
LawrenceLivermoreNationalLaboratoryannouncedanordertoIBM
fordeliveryofa100teraflopsmachinein2004(fornationalsecurity
calculations)anddeliveryofa360teraflopsmachinein2005(mostly
foropenscientificapplications).Manyscientificinvestigationshave
internationalcomponentsandthereforeACPshouldmakeboth
U.S.andinternationalresourcesavailableforsharedinternational
collaboration.

Anewinterdisciplinaryworkforce–Theneedforanewworkforce
–anewflavorofmixedscienceandtechnologyprofessional–is
emerging.Theseindividualshaveexpertiseinaparticulardomain
sciencearea,aswellasconsiderableexpertiseincomputerscience
andmathematics.Alsoneededinthisinterdisciplinarymixare
professionalswhoaretrainedtounderstandandaddressthehuman
factorsdimensionsofworkingacrossdisciplines,cultures,and
institutionsusingtechnology-mediatedcollaborativetools.Priorwork
oncomputer-supportedcollaborativeworkandsocialdimensionsof
collaboratoriesneedstobebettercodified,disseminated,andapplied
inthedesignandrefinementofnewknowledgeenvironmentsfor
sciencebasedoncyberinfrastructure.

Theterm“computationalscienceandengineering”(CSE)hasemerged
asadescriptorofbroadmultidisciplinarystudythatencompasses
applicationsinscience/engineering,appliedmathematics,numerical
analysis,andcomputerscience.AsnotedbytheSocietyforIndustrial
andAppliedMathematics(SIAM)30:

Computermodelsandcomputersimulationshavebecomean
importantpartoftheresearchrepertoire,supplementing(andin
somecasesreplacing)experimentation.Goingfromapplicationarea
tocomputationalresultsrequiresdomainexpertise,mathematical
modeling,numericalanalysis,algorithmdevelopment,software
implementation,programexecution,analysis,validationand
visualizationofresults.CSEinvolvesallofthis.

SIAMnotesthat“CSEisalegitimateandimportantacademic
enterpriseevenifithasyettobeformallyrecognizedassuchatsome
institutions.Althoughitincludeselementsfromcomputerscience,
appliedmathematics,engineeringandscience,CSEfocuseson
theintegrationofknowledgeandmethodologiesfromallofthese
disciplines,andassuchisasubjectwhichisdistinctfromanyofthem.”

2.8   EducationalNeedsandImpact
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Thecommunitysurveyedincreatingthisreportnotedrepeatedly
thatinsufficientattentionisbeinggiventoeducatingnon-
computerordomainsciencestudentsintheconceptsandtools
ofcyberinfrastructure.Forexample,graduateandhigher-level
undergraduatecoursesincomputersciencearedesignedfor
disciplinarymajors,andnon-majorswishingtotakesuchcoursesare
dissuadedbyanonerousprerequisitestructure.Further,evenifsuch
skillsareattained,domainsciencecoursesoftendonotexercisethem
sufficiently,leadingtoatrophyofskills.

Inresponsetothisproblem–whilealsorecognizingtheneedto
maintainstrong,traditionaldisciplinaryprogramsinscienceand
engineeringresearch–significantresourcesmustbedirectedtoward
developingprogramsofstudyinthecomputationalsciencesatboththe
graduateandundergraduatelevels.Asurveyofeducationalobjectives,
aswellassampleprogramsandcurricula,canbefoundattheSIAM
Website.30

Continuingeducationisalsoneeded.Community-wideworkshopsare
neededforscienceandengineeringpractitionerssoastofunction
effectivelyintherapidlyevolvingITworld.Suchworkshopsand
coursescouldbedeliveredviadistancelearningandwouldlowerthe
entrythresholdforthosenewtohigh-performancecomputation.

Impactonscienceandengineeringeducation–TheACPrequires
theaforementionedinnovationandreformsineducationandcan
alsobedirectlyleveragedinscienceandengineeringeducation.
Gridandcollaboratoryenvironmentsbuiltoncyberinfrastructurecan
enablepeopletoworkroutinelywithcolleaguesatdistantinstitutions,
evenonesthatarenottraditionallyconsideredresearchuniversities,
andwithjuniorscientistsandstudentsasgenuinepeers,despite
differencesinage,experience,race,orphysicalability.Thesenew
environmentscancontributetoscienceandengineeringeducation
byprovidinginterestingresources,excitingexperiences,andexpert
mentoringtostudents,faculty,andteachersanywhere.Bymaking
accesstoreports,rawdata,andinstrumentsmucheasier,afarwider
audiencecanbeserved.Sincebroadbandnetworksareincreasingly
availableinschools,videosandothercomplexeffectscanbeviewed
bystudentsandteachersaswellasbyresearchers.Thenewtools,
resources,humancapacitybuilding,andorganizationalstructures
emergingfromtheseactivitieswillalsoeventuallyhaveevenbroader
beneficialimpactonthefutureofeducationatalllevels,inalmostall
disciplines,andinalltypesofeducationalinstitutions.
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MinorityServingInstitutions–AnimportantgoaloftheACPmustbe
tomoreeffectivelyincludeMinorityServingInstitutions(MSIs),which
includeHistoricallyBlackCollegesandUniversities(HBCU),American
IndianTribalColleges(AIT),andHispanicCollegesandUniversities
(HCUs)andotherunderrepresentedgroupsintomainstreamscientific
andengineeringresearchandeducation.Fewoftheseinstitutionswere
involvedindiscussionsleadingtotheoriginalNSFsupercomputing
centers,andcollaborationeffortstodate,thoughwellintentionedand
coveringaspectrumofactivitiesrangingfromeducation/outreach/
trainingtobasicresearch,haveforthemostpartfallenshortoftheir
goalsforavarietyofreasons.Thisfailureisparticularlytroublingin
lightofthefactthat,by2035,itisestimatedthatoneinfiveAmericans
willbeHispanic.

OneofthemostimportantbarrierstoengagingMSIsinresearchusing
cyberinfrastructureisthelackofadequatenetworkconnectivity–a
problemespeciallyacutefortheTribalCollegesbecauseoftheirlargely
rurallocationandfrequentlyimpoverishedlocalities(threeofthefive
poorestcountiesintheUnitedStatesarehomestoTribalColleges).
Further,suchinstitutionslackthetoolsandinfrastructureneededto
participateinmainstreamresearch.Althoughvariousinitiatives(e.g.,
EOT-PACI31,theAdvancedNetworkwithMinorityServingInstitutions
Initiative32)haveshownpromise,theprincipalaudiencehasbeenIT
staffratherthanfacultyandresearchers.Theseandotherlimitations
haveperpetuatedtheso-calleddigitaldivide,reflectedbya20+year
gapincapabilitybetweenmainstreaminstitutionsandmanyMSIs
(basedonstatisticsfromtheU.S.DepartmentofCommerce,46.1%of
whitenon-HispanichouseholdshaveaccesstotheInternet,compared
with23.6%forHispanics).

Althoughthischallengeismultifaceted,solutionsneednotbe
incrementallyapplied;indeed,itiseminentlypossible,througha
significantinfusionofbothtechnologyandeducation,toclosethe
digitaldivideandestablishmeaningfulresearchcollaborationsand
educationalinitiatives.ThePITAC33emphasizedtheimportanceof
reachingMSIs,andweunderscoreitagainhere.TheACPtherefore
mustsupportstrategicITplanningforunderservedcommunities.
Inaddition,opportunitiesforresearchcollaborationmustbemore
effectivelycommunicatedtobothmainstreaminstitutionsandMSIs,
andsignificanteffortsmustbedirectedtowardengagingunderserved
communitiesdirectly,ratherthanasprogrammaticadd-ons.

ExperimentalProgramtoStimulateCompetitiveResearch–A
moreencouragingstorycanbetoldaboutEPSCoR34(Experimental
ProgramtoStimulateCompetitiveResearch),whichatpresentinvolves
21statesandtheCommonwealthofPuertoRico.Ajointprogramof
theNSFandseveralU.S.statesandterritories,EPSCoRpromotesthe

2.9   NeedandOpportunityforBroaderParticipation
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developmentofscienceandtechnologyresourcesthroughpartnerships
involvinguniversities,industry,government,andthefederalresearch
anddevelopmententerprise.Itoperatesontheprinciplethataiding
researchersandinstitutionsinsecuringfederalR&Dfundingwill
developastate’sresearchinfrastructureandadvanceeconomic
growth,anditsmaingoalistomaximizethepotentialinherentina
state’sscienceandtechnologyresourcesandusethoseresourcesasa
foundationforeconomicgrowth.

MostEPSCoRstateshavetakensignificantstepstoprovidehigh-
speedconnectivityandengageresearchersincollaborativecyber
activitieswithmajoruniversitiesandnationalcentersandlaboratories,
andtheseeffortsshouldbecontinuedandexpanded.Forexample,
theUniversityofKentuckyspearheadedaprojectthroughwhich
scientistsandresearchersinEPSCoRstatescanuseAccessGrid
(AG)technologytobridgethedigitaldividecausedbytheirgeographic
dispersionandlimitedfunding.SixEPSCoR-grantstatesare
implementingAGnodes,andthetwonewestEPSCoRstates,Hawaii
andNewMexico,havenodesasaresultoftheirparticipationinthe
NationalComputationalScienceAlliance.

EPSCoRco-fundingofmainlineresearchgrants,particularlyinthe
InformationTechnologyResearchProgram,hashadasignificant
positiveimpactonresearchcompetitivenessofparticipatinginstitutions
(seehttp://www.ehr.nsf.gov/epscor/start.cfm).IntheNSFGeosciences
Directoratealone,EPSCoRco-fundinghasincreasedbyafactorof3
inthepastfewyears.TheACPshouldembraceEPSCoRandcontinue
tosupportwhatclearlyisaverysuccessful,high-impactprogram.
Indeed,theEPSCoRmodelcouldbeappliedmorespecificallytoMSIs,
particularlywithregardtohighperformancenetworkconnectivity.

Accessbythewiderpublic–Bymakingaccesstoreports,rawdata,
andinstrumentsmucheasier,afarwideraudiencecanbeserved.
Althoughlargeteamsandmajorfinancialinvestmentarerequired
tocreatecomprehensivedatarepositoriesandspecializedscientific
facilities,individuals,evenamateurs,workingaloneorinsmallgroups,
givenaccesstosuchresources,canprovidescientificdiscoveries.A
goodexampleisamateurastronomy,whichsignificantlyexpandsthe
reachofscientificobservation.

Participationbythephysicallychallenged–Therearemanywaysto
assistscientistsandotheruserswhohavephysicalconstraintsthrough
advancedcyberinfrastructure,aslongasthisopportunityisaddressed
fromthebeginning.Mostoftheseresourcesarelikelytobeprovided
closetotheindividualratherthaninasharedenvironment.Manyof
thesesupportivepiecesofhardwareandsoftwarewillbegeneric,but
theremaybesometoolsspecifictothescientificmilieu.Wehavealso
identifiedafewfunctionsthatcouldmostappropriatelybeimplemented
centrally.Afewexamplesthatshouldbeconsideredforimplementation
withintheACPwillillustratethis.Evenpeoplewhoarenotchallenged
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willstillfindsomeofthesefeaturesofuse–acommonobservation
aboutassistivetechnologies,theso-calledcurb-cuteffect(sidewalks
withcurbcutsaresimplybettersidewalks–theyhelpbikers,skaters,
andpeoplepushingstrollers–notjustthoseconfinedtowheelchairs).

Ittakesmassivecomputingtodoafirst-classconversionofspeech
totext.(Onlineandmoderateaccuracyconversioncanbedoneby
commercialsoftwareonatypicalPC,buthigheraccuracyrequires
elaboratealgorithmsthatrepeatedlyexaminedelayedinputs.)
SuchcomputingmightbeprovidedasaGridserviceonshared
multiprocessorsandwouldmakeanexcellentadjunctforcollaborative
environmentssuchastheAccessGrid35.Byusingasharednetworked
resource,theservicewouldbeavailabletohearing-impairedscientists
wherevertheyare.(Theservicewouldalsobevaluedformaking
seminarsavailablefordelayedusebyeverybody.)

Infrastructureservicesthatcanconvertsoundstovisualsignalswould
helpthehearing-impairedinteractwithexperimentalequipment.The
inversetranslationofcontrolpanelstosoundswouldbeusefulforthe
visuallyimpaired.Thisspecializedtranslationdoesnotfitsimplyintothe
commercialWebpage-enablementparadigmandmaybeparticularly
importantforcontrolgaugesandwarningdevices.Therecouldbe
broadsocialbenefittoprovidingstandardsandsupportsoftwarefor
infrastructure-connectedapparatus.(Sightedpeoplemightbenefit
fromaudiblealarms,andworkersincrowdedenvironmentsmight
prefersilentvisualsignals,sostandardizedconversionsforlaboratory
equipmentmayfindbroaderusage.)

Aresearchchallengewouldbetoextend“visualization”toprovide
informationforthevisuallyimpaired.Tactile(haptic)exploration
combinedwithaudiblesignalsmaybeausefulwaytoconvey
informationaboutcomplexphenomenaandmathematicalsurfaces.
Ifsuccessfulapproachesarefound,theyshouldbemadeavailable
throughtheACP.

Digitallibraries,discipline-specificcollections,andarchivesofthe
publishedliteraturewillbekeycomponentsofthecyberinfrastructure.
Itisdifficultforpeoplewithmotororvisualdisabilitiestopointtomany
specificitems,ortolookatverylongstretchesoftext.Avarietyof
serviceswouldhelpthemandwouldalsospeedtheworkofothers.
Somepossibleapproachesareabstractingservicesandinterfacesthat
encourageskippingorshiftingfocus.
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ThePanel’soverarchingfindingisthatanewagehasdawned
inscientificandengineeringresearch,pushedbycontinuing
progressincomputing,information,andcommunication
technology;andpulledbytheexpandingcomplexity,scope,
andscaleoftoday’sresearchchallenges.Thecapacityofthis
technologyhascrossedthresholdsthatnowmakepossible
acomprehensive“cyberinfrastructure”onwhichtobuildnew
typesofscientificandengineeringknowledgeenvironments
andorganizationsandtopursueresearchinnewwaysandwith
increasedefficacy.Thecostofnotdoingthisishigh,bothin
opportunitieslostandthroughincreasingfragmentationand
balkanizationoftheresearchcommunities.

Suchenvironmentsandorganizations,enabledbycyberinfrastructure,
areincreasinglyrequiredtoaddressnationalandglobalpriorities
suchasunderstandingglobalclimatechange,protectingournatural
environment,applyinggenomics-proteomicstohumanhealth,
maintainingnationalsecurity,masteringtheworldofnanotechnology,
andpredictingandprotectingagainstnaturalandhumandisasters,as
wellastoaddresssomeofourmostfundamentalintellectualquestions
suchastheearlyformationoftheuniverseandthefundamental
characterofmatter.

AswillbediscussedinSection5,thereisalreadyasignificantbase
ofeffortandcapabilityinthePACIs,whichwerecreatedinresponse
totheHayesReport36.Theyruncomputinganddatacenters,create
importantmiddlewareandscientificsoftware,andcoordinateactivities
withotherscientists.Subjecttoappropriatereview,weanticipatethat
theywillplayacontinuingbutevolvingsubstantialroleinthegreatly
enlargedactivitywepropose.

ThePanel’soverarchingrecommendationisthattheNational
ScienceFoundationshouldestablishandleadalarge-scale,
interagency,andinternationallycoordinatedAdvanced
CyberinfrastructureProgram(ACP)tocreate,deploy,andapply
cyberinfrastructureinwaysthatradicallyempowerallscientific
andengineeringresearchandalliededucation.Weestimate
(detailsinSection6)thatsustainednewNSFfundingof$1billion
peryearisrequiredtoachievecriticalmassandtoleveragethe
necessarycoordinatedco-investmentfromotherfederalagencies,
universities,industry,andinternationalsourcesrequiredto
empowerarevolution.

2.10   OverallFindingandRecommendation



REVOLUTIONIZING SCIENCE AND ENGINEERING THROUGH CYBERINFRASTRUCTURE 32

ThisPanelbelievesthattheNationalScienceFoundationhasaonce-
in-a-generationopportunitytoleadtherevolutioninscienceand
engineeringthroughcoordinateddevelopmentandexpansiveuseof
cyberinfrastructure.

Thefollowingsectionsofthisreportprovideafurtherbasisforthis
recommendation,ourestimateofnewfundingrequired,andprinciples
fortheorganizationandmanagementoftheprogram.Appendixes
provideadditionaldetails.
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Inthissectionwedescribetheconvergingandreinforcingtrends
andissuesderivedfromoursurveys,testimonysessions,readings,
anddeliberations;theseformedthebasisforthevision,findings,and
recommendationspresentedintheprecedingsection.Asmentioned
earlierandillustratedinFigure3.1,theACPopportunityderivesfroma
combinationofthepushoftechnologytrendsandthepullofvisionand
needsforitsapplicationinresearchcommunities.Theimpactofthese
trendsisnotnecessarilylinear.Ascertainthresholdsoffunctionalityor
price-performancearecrossed,disruptivechangesoccur.Thetrends
mayalsoreinforceoneanother,magnifyingtheirimpact.

Wehaveclusteredthesetrendsandissuesintothreeareas:
computation,content,andinteraction.Thesubstrateforallofthese
trendsisthefamiliarexponentialincreaseinthecapacityofthebase
computation,storage,andcommunicationtechnologies.

Themeasuresofcomputing,networkingandstoragecapacitycontinue
togrowgeometrically.Wetakeforgrantedthatcomputerspeeds
willriseradicallywitheachnewhardwaregeneration,thatmachines
willhavemorememorythanbefore,thatdiskswillholdevermore
information,thatthenetworkwillbefaster,andthatpartiallyasaresult
softwarewillprovideevermorecomplexityandfeatures.Weshouldnot
hitphysicallimitsforcurrentbasicchipanddisktechnologiesbefore
2010(andprobablymuchlater),soweassumecontinuationofthis

3.0TrendsandIssues

Figure3.1.ThepushandpullforanACP.

3.1   Computation
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goldenageofinformationtechnologythroughtheperiodaddressed
bythisreport.(Considerationofothertechnologiessuchasquantum
computingisbeyondthescopeofthisreport,butresearchunderway
suggeststhattechnologymaymoveontoevenhigherperformance
curvesinthefuture.)

Aswehaveriddenthesesmoothexponentialcurvesforseveral
decades,whathaschanged?Wehavepassedseveralpractical
thresholds,resultinginqualitativebreakthroughs.Scientificresearch
thatwouldhavebeenprohibitivelyexpensiveorpreviouslydemanded
national-scaleresourcescanbedoneinlocalfacilities.Workstations
cannowdocomputationsthatonlythebiggestandmostexpensive
supercomputerscouldattackafewmachinegenerationsago.Thus,
seriouscomputationsdemandingreal-timevisualization,simulation
ofinteractionsofthousandsofparticles,and2D-andeven3D
fluiddynamicsarepossibleonthedesktop.Combiningcommodity
hardware(PCboardsandnetworks)intoalaboratoryclusterpermits
computationsthatonlynationallabscouldattemptadecadeago.The
entirescientificliteraturecanfitonafewhundreddisks,withmaterial
costsunder$25K.(Diskstoragebecamecheaperthanpaperyears
agoandisalsocompetitivewithmicrofilm.)Thereareindividualcivilian
laboratoriesandstateuniversitiesthatareinstallingcomputersinthe
teraflopsrangeanddataserverclustersinthe100terabyterange.

Butthedemandforhighest-performancecomputationisalso
increasing,andthuswecontinuetoneedahierarchy(or“pyramid”)of
connectedcomputationresourcesofvaryingcapacityandcost.Ina
fewmoreyears,wewillcrossthe“peta”(1015)line:therewillbesome
supercomputersinthe0.1-1petaflopsrange,somescientificdatabases
willexceed1petabyte,andnetworkswillexceed1petabits/s.

Hardwarecomponents–Thehardwarecomponentsunderlying
computation,storage,andcommunicationhavebeenimproving
exponentially(atacompoundrateofgrowth)formanyyears;this
isexpectedtocontinueoverthescopeofthisreport.Althoughthe
rateofgrowthofcircuitspeedmaybegintoflatten,majorresearch
directionshavepotentialtobreakthesebarriers.Thecurrentspeed
growthdirectionsaredependinglessoncircuitspeedup,andmoreon
increasingcircuitdensityandthenumberofparallelprocessingunits
onachiporwafer.Wewillachievepetaflopsnotwithafemtosecond
clock,butratherbyhavingamillionprocessorsonananosecondclock
(giveortakeafactorof10).

Processing–Computerspeedisusuallyexpressedasarithmetic
calculations,orfloating-pointoperations,persecond(flops).In1999,
twomachinesintheworldhadatheoreticalcapacityof1teraflops.By
nowweestimateadozenuniversitiesandlaboratorieshaveorhave
orderedcomputingclusterswiththeoreticalcapacitiesexceeding1
teraflops,andby2005machinesupto10teraflopswillberelatively
commonplace(ateraflopsmachinemayevenbeaffordablefor
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someindividualresearchers).Thesechangesareduetocontinued
improvementsinchiptechnologyandtheabilitytoutilizeclusters
ofchipsandmass-producedcomputers.Webenefitfromnotonly
parallelism,butalsospeed;inlate2002,aclockrateof350GHzwas
announcedforasilicon-basedexperimentaldevice.

Storage–Manyapplicationsdependonmanipulatingmassesofdata,
farmorethancanresideinsidetheprocessors.Thesedatacanbe
observationalinputs,experimentalvalues,orresultsofcalculations,
images,orvideos.Suchinformationisusuallykeptondisk(though
thelargestarchivesarestoredonremovableopticaldisksormagnetic
tapes).Thehighestperformance(measuredvariouslyastotalnumber
ofcharactersofinformationstored,numberofcharacterspervolumeof
labspace,ornumberofcharactersretrievedpersecond)isgenerally
foundinthemostrecentcommercialdisks.Increasingoverallstorage
capacitycomesfromutilizingmanydiskstostoremassiveamountsof
informationandaccessingtheminparallel.

Diskcapacities(measuredasbitspersquareinchofmagnetic
material)havehistoricallyincreasedat60%peryear,butinthepast
fewyearsbitstoragedensityhasincreasedbyabout100%peryear.
Pricesofindividualunitshavefallenmoreslowly,somostofthe
economicimprovementhascomefromlargercapacities.Themost
capaciousdisksinlate2002storeabout3x1012bits(320gigabytes,
or0.33terabytes)ofinformation.Databasesofafewterabytesare
common;onlyonesover100terabytesareconsideredremarkable.

Networks–Amajorshiftincomputinghascomefromthepractical
availabilityofhigh-bandwidthdatanetworks.Networkconnectionsup
to45megabits/sareeasilyavailable,connectionsover155megabits/s
arestillaggressive,andsomeresearchinstitutionsarebeginningto
connectat2.5gigabits/sandfaster.Availabletechnologycansupport
farhigherbandwidths.Deploymentshavealreadydemonstrated
1.6terabits/sonasinglefiber(40channelsat40gigabits/s),while
laboratoryexperimentshavereachedover11terabits/s.Switchingdata
atthesespeedsremainsrelativelyexpensive,buttechnologieshave
beendemonstrated.

Networkresearchersandprovidersarealsointroducinganew
paradigm–opticalnetworksbasedontheemergenceofanoptical
layer,operatingentirelyintheopticaldomain(andavoidingelectronic
bottlenecks),toenableveryhighcapacityend-to-endwavelength
(“lambda”)servicesthatprovide(throughwavedivisionmultiplexing)
manyvirtualfibersonasinglephysicalfiber.Opticalnetworks,for
example,arebeingexploredforlinkingwidelydistributedhigh-
performancemachinestogetheringrids.Opticalnetworkingisan
importantemergingtechnologytoexploreanduseintheACP.
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Theseimprovementsmakeitplausibletomovehugefilesbetween
sites,sothatcomputingandstoragefacilitiescanbesplitorcombined
inanumberofways.However,thespeedoflight(~1ns/ft,orabout
20mstocrosstheU.S.)isnotincreasing,andnetworkingswitches
addfurtherdelays.Thisputsafundamentallimitationontheuseof
widelydispersedprocessingandstorageresourcesfortightlycoupled
computationsandisoneofthereasonsthatsupercomputersremain
indispensableformanyscientificapplications.

In-buildingnetworksareimprovingintwoways–bandwidthand
mobility.Localareanetwork(LAN)technologyisnowmovingtohigh-
speedEthernetsabletodeliver100megabits/sor1000megabits/sto
theindividualserverordesktop.Fewcurrentcomputerscanhandle
suchdatarateseffectively,norcantypicallaboratoryswitchesmanage
manyfull-speedstreams,butthissituationwillimproverapidly.

Theuseofwireless(radio)accesstothenetworkisexploding,both
withinbuildingsandingeneralpublicuses.Verylocalaccess(using
forexampletheIEEE802.11familyofstandards)canprovidemany
megabitspersecondtoasingledevice(laptoporPDA),andnew
generationsofcellulartelephonetechnologywillpermit0.1-1megabits/
stotheroamingdeviceinthenexthalfdozenyears.Thishasgreat
promiseformanymobileapplications,suchasgatheringscientificdata
inthefieldandgeographic-independentgroupcollaboration.

Displays–Typicalcommercialdisplaysofferabout1squarefootof
usefulvisualinformationandpresentaround1megapel(millionpicture
elements).Thisisanothertechnologythatisrapidlyadvancing.Many
labs(especiallythoseontheAccessGrid)combinebetween3and
15typicaldisplaystopresentasinglelargeimage.Recentspecial
displayshavehigherdensityandbrightness;desktopdeviceswith
over9megapelarenowcommerciallyavailable.Displaysarealso
configuredtoprovide3Dandimmersivevirtualrealityexperiencesin
CAVESorImmersaDesks.Costscontinuetodeclineandveryuseful
3Dinteractionisnowavailablebelow$10K.

Provisionanduseofhighperformancecomputing–World
leadershipinthehighest-capacitycomputinghasbeen,andcontinues
tobe,asignificantfactorinresearchandnationalsecurity.Thefederal
governmenthasbeentheprimaryinvestorin,anduserof,thehighest
capacitymachines.MissionagenciessuchastheDepartmentof
EnergyandtheDepartmentofDefensehaveusedsupercomputersin
mission-specificdomains,includingsomeuseinbasicresearch.The
NSF,however,isspecificallychargedwithfosteringandsupporting
broaddevelopmentanduseofcomputersandotherscientificmethods
andtechnologiesforbroadresearchandeducationinthesciencesand
engineering.
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Ascomputersevolved,variousNSFdirectoratessupportedresearchin
components,theory,software,systems,andapplicationsofcomputers.
AnAdvancedScientificComputing(ASC)Program,situatedinthe
OfficeoftheDirector,providedtheNSFresearchcommunityaccess
tothehighest-performancesupercomputersoftheday.In1985,
ASCactivitiesandseveralotherprogramsweremergedintothe
DirectorateforComputerandInformationScienceandEngineering
(CISE).CISEsupportsinvestigator-initiatedresearchinallareasof
computerandinformationscienceandengineeringandalsosupports
high-performancenationalcomputingandinformationinfrastructure
forresearchandeducationgenerally.Ithasdonethisthroughco-
investmentincomputationalinfrastructureinacademia,andatthe
highend,throughaseriesofcentersandalliances.Thedevelopment
andoperationofhigh-performancecomputationalcenterswasalso
instrumentalinthecreationoftheNSFNET,theprecursorofthe
commercialInternet.Inaddition,therecommendationsofthe1995
HayesReport(ReportoftheTaskForceontheFutureoftheNSF
SupercomputerCentersProgram)36alongwiththepredecessor
BranscombReport37(NSFBlueRibbonPanelonHighPerformance
Computing)formedthebasisforthedevelopmentofthePartnerships
forAdvancedComputationalInfrastructure(PACI)program. 

TwoPACI2partnershipsestablishedin1997arecurrentlyoperating
undertheprinciplessetforthintheHayesReportby(1)providing
accesstohigh-endcomputing,(2)affordingknowledgetransferof
enablingtechnologyandapplicationsresearchresultsintothepractice
ofhigh-performancecomputing,and(3)supportingeducation,outreach
andtrainingactivities.Eachpartnershipconsistsofaleading-edge
site,theNationalCenterforSupercomputingApplicationsinUrbana-
ChampaignandtheSanDiegoSupercomputerCenterinSanDiego,
andasignificantnumberofpartners.Thehighest-capacitymachines
arelocatedatthetwocentersinChampaign-UrbanaandSanDiego,
andtheyarenetworkedwithvariousothermid-levelperformance
centersatotheruniversities.

MorerecentlytheNSFmadeawardsforterascale-capacityfacilities
tothePittsburghSupercomputingCenter5andfortheDistributed
TerascaleFacility6(providingteragridcapacity)toaconsortium
includingNationalCenterforSupercomputingApplications(NCSA)
attheUniversityofIllinois,Urbana-Champaign;theSanDiego
SupercomputerCenter(SDSC)attheUniversityofCalifornia,
SanDiego;ArgonneNationalLaboratoryinArgonne,IL;andthe
CenterforAdvancedComputingResearch(CACR)attheCalifornia
InstituteofTechnologyinPasadena.InOctober2002,thePittsburgh
SupercomputerCenter(PSC)wasaddedtotheTerascaleFacility.

Thisevolutionofhigh-performancecomputingprogramsatNSFisat
theleadingedgeofevolvingarchitecturaldiversityinhigh-capacity
computing.Inearlieryears,thefastestcomputersusedfundamentally
fastercomponents(newertechnologies,highercoolingandpowering,
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morecomplexprocessordesigns).Thecurrentstateisdifferent–the
fastestchipsarenowalsoamongthemostcommon,andtheyhave
verycomplicatedinternalstructures.Onlyveryspecializedproblems
currentlybenefitfromuseofnonstandardparts.(Someofthemost
technologicallyimpressiveprocessorsarefoundingamemachines.)
Thecommercialworldcontinuestodemandmorecomputingpower,
andthishugedemandformachinessupportsinvestmentinnew
manufacturingprocessesanddesigns.High-endcomputingnow
dependsmorestronglyoncombiningverylargenumbersofthese
commerciallyavailabledevices,ratherthantryingtomakeunusually
fastindividualprocessors.

Parallelismisarecursivenotion.Single-chipmicroprocessorsusing
variousformsofinternalparallelismaretheheartofacomputational
node.Formuchgreaterspeedup,nodesarecombinedthrough
switchesintophysicallyproximate(tominimizespeed-of-lightdelays)
clustersofnodes.Now,clustersupercomputersarebeingdistributed
overhigh-speednetworkstoformgridcomputingenvironments.The
TerascaleInitiativeisbuildingalarge,fast,distributedinfrastructure
foropenscientificresearch.Whencompleted,theTeraGridwill
include20teraflopsofcomputingpowerconnectedat40Gb/sover
fivegeographicallydistantsites.Itwillalsoincludefacilitiesforstoring
andmanagingnearly1petabyteofdata,high-resolutionvisualization
environments,andtoolkitstosupportgridcomputing.

Thedemandforadvancedcomputingisnolongerrestrictedtoa
fewresearchgroupsinafewfields,suchasweatherpredictionand
high-energyphysics.Advancedcomputingnowpervadesscientific
andengineeringresearch,includingthebiological,chemical,social,
andenvironmentalsciences.However,theentrybarriercontinues
tobeveryhigh.Numerousofoursurveyrespondentsobserved
that,insomeareas,thestateoftheartincomputertechnologyis
outpacingtoolsandbestpracticesfromtheuserperspective.For
example,therelativelystraightforwardandefficientautovectorizing
andautoparallelizingcompilersoftheprevioushardwareerahave
givenwaytocomplicatedmessagingdirectivesthatmustbeinserted
manually;tomanyuserstheseareasintimidatingandtimeconsuming
asprogramminginassemblylanguage.Industryandacademiashould
worktogethertoremedythisproblemandbringgreaterparitybetween
theavailablefacilitiesandthetoolsavailablefortheiruse.

ThisissuebecomesevenmoreimportantwiththemovetowardGrid-
basedcapabilities.Thereisgrowingmismatchbetweentheoretical
peakandactuallyrealizedperformanceforproductioncodes,aswellas
agrowinginvestmentoftimerequiredforuserstoachievereasonably
goodperformance.Researcherscommentedthatalthoughthe
theoreticalpeakperformanceofcurrentmachinesismuchhigher,they
obtainasmallerfractionoftheoreticalpeaktodaythan10yearsagofor
manyapplications.Greatereffortisneededtoautomatetheconversion
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ofcodeforefficientexecutiononvariousmachinearchitectures,
includingclustersandgrids,andtominimizemassivecodechangesas
theunderlyingmachinesevolveandchange.

ManyrespondentstothePanel’sWebsurvey(detailsofthesurvey
areinAppendixB)indicatedtheimportancetotheirworkofresearch-
groupanddepartmental-scalecomputingfacilities.Wedefinesuch
facilitiesashavingafactorof100to1000lesscapability(e.g.,
computing,storage)thanisprovidedbythenational-scalecenters.
Theproliferationandimportanceofsuchresourcessuggesttheneed
foraneffectivemechanism–nowlacking–tocreate,nurture,and
supportthemaswellaslinkthemintothenationalcyberinfrastructure.
Further,theresultssuggestthatusersviewnationalcentersasneeding
toprovidecapabilityoforder100to1000timesthepowerofsystems
generallyavailabletoindividualacademicdepartmentsandresearch
groups.Suchcentersnotonlydramaticallyexpandthecapabilities
availabletoindividualprojects,butalsoensurethatalluniversity
researchershaveequalopportunity.Atthispointthepromiseofgridsof
computerscannotreplacetheneedforbothlocalmid-levelfacilitiesand
highest-endnationalresources.Gridsareextremelyvaluableforsome
typesofcomputationsbutfailforothersbecauseofnetworklatencies
andotherreasons.

Scientificandengineeringapplicationsarecoveringandwillcontinue
tocoverevengreatertimeandspacescales(e.g.,weather,which
involvesacouplingofscalesrangingfromplanetarywavesthatlastfor
morethanaweek,andindividualthunderstorms,whichareatsubcity
scaleandlastforonetoafewhours).Suchmulti-scaleproblems,
ofteninvolvingthecouplingofdifferentmodels,areexceedingly
complexandcomputationallyintensiveandthusneedsustainedhigh-
endcomputingfortheforeseeablefuture.Forexample,emerging
communityclimatesystemmodelsrequireasustained25teraflops
andinvolvecomputationscloselycoupledandthussusceptibleto
networklatencies.Butthisisonlythebeginning,astheearthscience
communitymovestocomprehensive,high-resolutionsimulationsof
combinedbiologicalandgeosciencemodelsoftheenvironment.

Althoughmanyimportantproblemsrequirethehighestavailable
processingpower,cyberinfrastructureshouldnotconcentratesolely
onteamprojectsusingonlythelargestandmostpowerfulresources.
Rather,itshouldsupportahierarchyspanningapyramidofmachine
capacitiesandthespectrumfromsmallgrantstolargemultidisciplinary
centersandprojects.Aswaspointedoutintestimonyconcerning
theNationalVirtualObservatory10,largeteameffortsarerequiredto
buildfederationsofdataandtoolstoexplorethem;butsmallergroups
workingindependentlyandgivenaccesstothesedataandtoolscan
(andlikelywill)makefundamentaldiscoveries.

ThecurrentNSF-supportedcentersremainlargelyabatch-oriented
environment,whereasmanyfutureproblemswillrequireon-demand
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supercomputingforsteeredcalculationsandadynamicenvironment
wherethemachineneedstorespondtothecalculation(e.g.,dynamic
adaptivenestingandtheingestofreal-timedatathatimpactsareal-
timecalculation;suchasadaptivesensorsinfieldbiology).The
currentcentersarenotconfiguredandadministeredtoprovide,inmost
cases,significantfractionsoftheirresourcesinadedicatedfashionto
supportthemostchallengingresearchproblems.Althoughmachines
mayhavethecapacitytosolvehugeproblems,theusersmaynot
havethecapabilitytousethemeffectivelybecauseoflackofsupport
formappingtheircodeefficientlyontospecificparallelmachinesor
becauseofrestrictivemachineallocationpolicies.

WereceivedfrequentstronginputtotheeffectthattheNational
ResourceAllocationCommittee(NRAC)38allocationprocessisno
longereffectiveandmustbeoverhauled.Forexample,usersare
subjectedtodoublejeopardybyhavingtopreparebothresearchgrant
(agency)proposalsandproposalsforcomputerresources.Funding
oftheformerwithanegativedecisionforthelatterclearlycreatesa
problem.NSFconsideredcouplingthetwoprocessesintheearly
1990sbutchosetoleavethemseparate.Mechanismsforrequesting
resourcesshouldbestreamlinedaswell,andthereviewerbasemust
bebroadenedtoensureanadequateunderstandingoftheneeds
beingexpressed.Moreover,thenewallocationprocesswilllikely
needtoincludeadditionaltypesofresourcessuchasfederateddata
repositoriesandremoteinstruments.

Evenmorefundamentalissuesofresourceallocationareintrinsicin
cyberinfrastructureconceptsoflargeinteroperatinggridsofcomputers,
instruments,anddatarepositories.Humancommitteeswillnotbe
capableofdoingthecomplexdynamicallocationprocessesrequired
tobalancethesupplyanddemandoverthousandsofusers,hundreds
ofmachines,andnumerousvariationsofcomputationalsizeand
requirementsforreal-timeresponse.Automatedallocationmechanisms
arethemselvesaresearchchallengeandanotherexampleoftheneed
forsocialscientists–inthiscaseeconomists–toparticipate.

Boththecapacityanddemandforhighperformancecomputing
continuetogrowindepthandbreadthofuse.Therecontinuesto
beconstructivediversityinhowthiscomputingisprovidedandthe
needforcontinuedexperimentationandinvestmentinnewmachine
architectureandsupportingsoftware:operatingsystems,middleware,
andapplicationframeworks.Ontheotherhandweneedbalance(and
betteryet,realsynergy)betweenextendingthefrontiersofcomputing
andextendingthefrontiersofscienceusingcomputing.Thechallenge
istobothbreaknewgroundandbringcurrentandnewusersalong.

Anoteaboutsustainingaccesstohighestendcomputing–
Thecontinuingexponentialimprovementofthehardware
underlyingcyberinfrastructureprovidesacceleratingopportunities
forexercisingcreativitybutcanbedauntingintermsofmanaging
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3.2   Content

theattendantrapidobsolescenceoffacilities.Maintainingleading-
edgecyberinfrastructurerequirescontinuinginvestment,notone-
timepurchase.Cyberinfrastructure(“bit-based”)investmentsdiffer
frommostother,more“atom-based”kinds.Delayingthestartof
constructionofanacceleratorortelescopeorresearchvesselnormally
increasesthecostoftheacquisition.Frequently,theoppositeistrue
forcomputingequipment,whichbecomescheaperbywaitingayear
butbecomesobsoletesoonthereafter.Onewaytoquantifythisis
throughreplacementschedules.Majorresearchequipmentmayhave
arealisticlifetimeof10-25years.Theappropriatereplacementinterval
forinformationtechnologyatthefrontiersofperformanceiscloserto
3-5years.Furthermore,therearechangesinthewaysmachinesare
usedandthetypesofcomputationsthatareneeded.Asthebasicunit
costsofinformationandcalculationfall,newwaystogetbetteranswers
ortodisplacescientists’timearediscovered,andtheappropriatelevels
oflocalandnationalcomputingandtheappropriatebalancebetween
themwillchange.

Thescientificresearchworldpushesthelimitsofanumberof
technologiesandactsasadriverforimprovement.Collaboration
betweenhighendusersandcommercialprovidershasbeeneffective
andshouldcontinue.Butthecommercialmassmarketswillcontinueto
determinethecomputingequipmentandservicesthataremostreadily
available,includingthebestprogramminglanguageimplementations,
fastestchips,andlargestdisks.Theresearchworldhasdrivenvery
highendnetworkingandthelargestcomputingclusters.Thereare
commercialorganizationsthatspecializeinrunninglargecomputers
anddiskfarmsorintakingoverentirebusinessfunctions.They
havedevelopedtoolsandmethodsforefficientoperationtoexacting
contractualservicelevelagreements,sotheyprovidebenchmarksor
alternativesfordeployingsomeofthecyberinfrastructure.

Asfamiliarastheexponentialgrowthincomputing,storage,and
networkingpoweristheexponentialgrowthindigitalinformationand
data.Mostallscientificandtechnicalliteratureisnowcreatedindigital
form,andlargequantitieshavebeenconvertedtodigitalretrospectively.
Scientific,engineering,andmedicaljournalpublishingisnowdone
inahybridofdigitalandpaperformatswithdigitaltakingdominance,
althoughpricingandtermsandconditionsforusecontinueasmajor
issues.Somepresenterstoourpanelexpresseddeepconcernabout
theincreasingpriceofcommerciallypublishedscientificliteraturethat
isforcingacademiclibrariestocollectasmallerandsmallerfractionof
theoverallliterature.

Theprimaryaccesstothelatestfindingsinagrowingnumberof
fieldsisthroughtheWeb,thenlaterthroughclassicpreprintsand
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conferences,andonlyafterthatthroughrefereedarchivalpapers.
Thetraditionallinear,batchprocessingapproachtoscholarly
communicationischangingtoaprocessofcontinuousrefinementas
scholarswrite,review,annotate,andreviseinnear-realtimeusing
theInternet.Majorresearchlibrarieshaveswitchedfrommicrofilmto
digitizationforbothpreservationandaccess.

Crucialdatacollectionsinthesocial,biological,andphysicalsciences
arecomingonlineandbecomingremotelyaccessible;modern
genomeresearchwouldbeimpossiblewithoutsuchdatabases,
andastronomicalresearchisbeingsimilarlyredefinedthroughthe
NationalVirtualObservatory.10Enormousstreamsofdataarearising
fromobservationalinstrumentsandcomputationalmodels.Thehigh
energyphysicscommunity,forexamples,estimatesthatbyabout
2012itwillneedanexabyte(1018bytes)archivefordatafromfour
majorlargehadroncollider(LHC)experiments.TheNationalCenterfor
AtmosphericResearch(NCAR)28currentlyhas1000terabytesofonline
dataandisgrowingat10terabytespermonth.

TheNSFCISEDirectoratethroughaseriesofDigitalLibraries
Initiatives8, 12hasbeeninstrumentalingroundingandinforming
theemergenceofdigitallibrariesinbasiccomputerscienceand
engineering.Ithasproducedimportantsubsystemsandinstitutions
andhascreatedsynergyamongresearchers,practitioners(libraries
andarchivists),andproductionorganizations(libraries,archives,
museums).Ithasenabledresearchtohelpdefinethepossibilities,pilot
projectstohelpvalidateandmakeconceptsreal,andpartnerships
andstartupstocreatenewproductionservices.Itisagoodexample
ofinterdisciplinaryresearch,focusedbytestbedconstruction,whichis
neededinabroadercyberinfrastructureprogram.

Asignificantneedexistsinmanydisciplinesforlong-term,distributed,
andstabledataandmetadatarepositoriesthatinstitutionalize
communitydataholdings.Theserepositoriesshouldprovidetutorials
anddocumentsondataformat,qualitycontrol,interchangeformatting,
andtranslation,aswellastoolsfordatapreparation,fusion,data
mining,knowledgediscovery,andvisualization.Increasinglypowerful
dataminingtechniquesarecreatinggreaterdemandforaccessto
cross-disciplinarydataarchives.Throughdataminingnewknowledge
isbeingdiscoveredinproblemareasneverintendedatthetimeofthe
originaldataacquisition.

Othertrendsincludethegrowingneedtoconfederatedatafrom
multiplesourcesanddisciplines.Theemergenceofsupercomputing
environmentscapableofexecutingcomprehensive,multilevel
simulations(forexample,oftheenvironment)requiresinteroperability
betweenbothcomputationalmodelsandtheassociatedobservational
datafromvariousfields.Itwasmentionedatarecentmeetingofthe
environmentalresearchandeducationcommunitythatsomescientists
arespendingupto75%oftheirtimefindingandconvertingdatafrom
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otherfields.Muchofthedatabeingsoughtis“preserved”inadhocand
fragmentedways,andalltoooftenendsupin“datamortuaries”rather
thanarchives.

RepeatedlythePanelheardmembersoftheresearchcommunity
citingtheneedfortrustedandenduringorganizationstoassumethe
stewardshipforscientificdata.Stewardshipincludesongoingcreation
andimprovementofthemetadata(machine-readableandinterpretable
descriptionsofthedataitself)bypeoplecross-trainedinscientific
domainsandknowledgemanagement.Akeyelementassociated
withfillingthisneedisthedevelopmentofmiddleware,standardor
interoperableformats,andrelateddatastoragestrategies.Although
eachdisciplineislikelybestsuitedtocreatingandmanagingsuch
repositoriesandtools,interoperabilitywithotherdisciplinesisessential,
throughthecreationandadherencetostandards,andothermeans.
Additionally,greateremphasisneedstobegiventothedigitizationand
stewardshipoflegacydata(dataarcheology)andtodigitallibraries
preservingandgivingaccesstopastscholarlywork.

Moreandmoredisciplinesarealsoexpressingacompellingneed
fornearlyinstantaneousaccesstodatabases(bothlocaland
distributed)aswellastohigh-speedstreamsofnear-real-timedata
fromobservationandmonitoringinstruments.Applicationssuch
asnumericalweatherpredictionmodelsneedtobeusedincontrol
loopstodrivetheremotesensorstooptimizethedataactuallybeing
collected;thelinkagebetweendataacquisitionandprocessingis
nowtwo-way.Itisimportanttonote,however,thatthetechnologies
forsuchdatabasesdonotyetexistandthatmanyneedsofthe
researchcommunityarenotaccommodatedbyexistingsystems
(e.g.,commercialrelationaldatabases).Thisisaconcreteexample
ofhowsoftwareforlarge-scalescientificusemustextendwellbeyond
theprocurementofcommercialtechnology,andoftenevenbeyond
ourcurrentunderstanding.Thus,bothcoordinatedresearchinto
theinformationtechnologiesandthedevelopmentofcustomized
technologiesfortheresearchcommunityareneeded.

Onlinescientificinstruments,orarraysofinstruments,areagrowing
sourceofdigitalcontentforbothhugequantitiesofprimarydataand
thederivativeprocesseddatasets.Modernlargeinstrumentssuchas
supercollidersandtelescopesproducehugestreamsofdataaswellas
growingnumbersofubiquitousarraysofsmallsensors.Forexample,in
airandwaterpollutionorseismologicalmonitoring,satellitescontinue
tobeambackhugedatasetsandagrowinginterdisciplinarycommunity
intendstoexaminepracticallyeveryaspectoftheEarthsystemfrom
spacethisdecadeusingdatafromthesesatellites.

Theemergenceofubiquitouswirelessnetworksoffersanotherbig
opportunity.BillionsofInternetconnectedcellphones,embedded
processors,hand-helddevices,sensors,andactuatorswillleadto
radicalnewapplicationsinbiomedicine,transportation,environmental
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3.3   Interaction

monitoring,andinterpersonalcommunicationandcollaboration.The
combinationofwirelessLANs,thethirdgenerationofcellularphones,
satellites,andtheincreasinguseofunlicensedwirelessbandswill
covertheworldwithconnectivityenablingbothscientificresearch
andemergencypreparednesstoutilizeawidevarietyof“sensornets”.
Buildingonadvancesinmicro-electronicmechanicalsystems(MEMS)
andnanotechnology,smartsensorscanbedeployedwidely,willbe
capableofmultipletypesofdetection,andcansurviveforlongperiods
oftime38.Theintegrationofreal-timemultisensordatawithdata
miningacrosslargedistributeddataarchivesopensfurtheravenues
foradaptivemonitoring/observation,situationalawareness,and
emergencyresponse.

Weusetheterminteractioninthebroadsenseof(1)communication
betweenorjointactivityinvolvingtwoormorepeopleand(2)the
combinedactionoftwoormoreentitiesthataffectoneanotherand
worktogether.Higher-performancecomputationprovidesmore
powerfultoolsfordiscoverythroughanalysisandmoresystemicand
realisticsimulations.Acquisition,curation,andreadyaccesstovastand
variedtypesofdigitalcontentprovidetherawingredientsfordiscovery
anddisseminationofknowledge.Computationandcontent,integrated
throughnetworking,offernewmodesofinteractionamongpeople,
information,computational-basedtools/services,andinstruments.

Workingtogetherinthesametimeandplacecontinuestobe
important,butthroughcyberinfrastructurethiscanbeaugmented
toenablecollaborationbetweenpeopleatdifferentlocations,atthe
same(synchronous)ordifferent(asynchronous)times.Thedistance
dimensioncanbegeneralizedtoincludenotonlygeographicalbutalso
organizationaland/ordisciplinarydistance.Oursurveysconfirmedthat
collaborationamongdisciplinesisincreasinglynecessaryandnow
requires,insomecases,hundredsofscientistsworkingonasingle
projectaroundtheglobe.Cyberinfrastructureshouldsupportthistype
ofcollaborationinareliable,flexible,easy-to-use,andcost-effective
manner.Groupscollaborateacrossinstitutionsandtimezones,
sharingdata,complementaryexpertise,ideas,andaccesstospecial
facilities.Thiscangreatlyexpandthepossibilitiesforsynergyandis
especiallyimportanttothoseresearcherswhoaremoreisolateddueto
geographicorinstitutionalcircumstances.

Wealsoheardthatbecauseofconvergingadvancesincomputation,
digitalcontent,andnetworking,theresearchcommunityispoised
topursueitsworkinamuchmoreconnectedandinteractiveway.
Wehavetheopportunitytoextendnetworkedsystemstoprovide
comprehensiveandincreasinglyseamlessfunctionalservicesfor
researchandlearning–tocreatevirtuallaboratories,research
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organizations,indeedtechnology-enabledresearchenvironmentsthat
offerafullspectrumofactivitiesintheprocessofscientificdiscovery
andtheeducationofthenextgeneration.Weareatathresholdwhere
acollaboratoryorgridcommunitycanbecome“theplace”wherea
researchcommunityinteractswithcolleagues,data,literature,and
observationalsystemstogetherwithverypowerfulcomputational
modelsandservices.Althoughmanytechnical,social,andeconomic
challengesremain,thepotentialexistsforfacilitatingbothdeeperand
broaderscientificandengineeringresearchandeducation.

Figure3.2isanabstractandqualitativerepresentationoftworelated
dimensionsemergingfromadvancesinthenatureandapplication
ofcyberinfrastructure.Theverticalaxisisarelativemeasureofthe
aggregatebasiccapabilityofthetechnologymeasuredinterms
ofcomputationrates,storagecapacity,andnetworkbandwidth.
Thehorizontalaxisisameasureofbreadthofuse,orfunctional
comprehensiveness–thatis,howcompletelyacyberinfrastructure-
basedenvironmentprovidestheresourcesandfunctionsthat
researchersdependupon.Towhatextentcanresearchersreadily
findandeffectivelyinteractinaseamlesswaywithallthecolleagues,
thedata,theliterature,theappropriatecomputationalservices,and
theinstrumentsnecessarytomeettheirindividualandcommunity
aspirations?

Figure3.2–Increasingcapacityandfunctionalcomprehensivenessof
cyberinfrastructureenablebothdepthandbreadthapproachestodiscovery.
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Technologicalcapabilitiesexpandrapidly.ThePanelalsoheard,
albeitmoreslowlyandlesspredictably,thatcyberinfrastructureis
playingamorepervasiveroleinaffectinghowscientistsdotheir
work.Variousfieldsbegintheapplicationofcyberinfrastructurein
variousways.Forexample,somefieldsarebuildingcomprehensive
collectionsofdigitalscienceliterature;somecommunitieshavecritical
communitydatarepositoriesandsharedlibrariesofsimulationcodes;
instrumentsandsensorsarraysprovidenewtypesofobservational
datatowidelydispersedresearchteams.Theopportunityand
challengearetoexpand,integrate,andexploitthecommonality
amongtheseapplicationsofcyberinfrastructure.Theshadedarea
ofthegraphrepresentsastateofbeingorstateofpracticeinthis
cyberinfrastructurecapacityvs.comprehensivenessspace.Thegoalof
anAdvancedCyberinfrastructureProgram(ACP)istomovethestate
ofbeingregionupandtotheright(morecomprehensiveathigher
capacity)–bothwithinandamongmoreandmorefieldsofscienceand
engineering.

Asthecombinedstateofcapacityandfunctionalcomprehensiveness
increases,andisadoptedmorebroadly,thepayoffwilllikelyderive
fromenhancingboth“depth”and“breadth”approachestodiscovery.

Inadepthapproach,forexample,atmosphericscientistscoulduse
higher-performancecomputation(togetherperhapswithdenserand
smarterdistributednetworksofsensorsandwithhigherqualityarchival
data)toimprovetheresolutionandaccuracyofaweatherprediction
model.Astronomerscoulduseamorecapabletelescopetolookmore
deeplyintotheirfavoriteregionoftheuniverse.

Inabreadthapproach,amultidisciplinaryteamofearthscientists
couldusetheavailabilityofmorecomputationalpower,morecomplete
multi-dimensionaldata,enhancedobservationcapability,andmore
effectiveremotecollaborationservicestobringtogetheranentireearth
systemsimulationframeworkcapableofsupportingusefullypredictive
environmentalsimulations.Astronomers,givenaccesstoafederated
“digitalsky,”couldexplorethebreadthoftheknownuniverseoverthe
entireavailableelectromagneticspectrumtoseek,forexample,rareor
newobjectsorphenomena.Wecanonlybegintoglimpsetheimpact
ofblendeddepthandbreathapproaches,especiallyastheyweave
togethercomplementaryexpertisefrommultipledisciplines.

Anotherthemeconcerningknowledgeenvironmentsforsciencebased
oncyberinfrastructurearosefromthetestimonywegathered.The
themeisoneofdesignofknowledgeenvironmentsformultipleuses.
Insomecasesthismeanstodesignsuchenvironmentswiththeintent
to(atleasteventually)supportbothresearchandeducationandbuild
furthersynergybetweenthem.Others,inasimilarcontext,encouraged
intentionalactivitytousecyberinfrastructuretoenhancebroader
participation(“democratization”)inscienceandengineering.Theother
variationofamultipleusesenvironment,sometimescalledarapid-
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responsecollaboratory,istosupportbothbasicscienceand,when
necessary,theidentificationandrapiddeploymentofscientificand
engineeringresourcestoaddressnaturalormanmadedisasters(for
example,earthquakesorbioterrorismattacks).
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4.0AchievingtheVision:OrganizationalIssues

4.1   ElementsoftheProgram

Oneofthethreepartsofourchargeistorecommendan
implementationplantoenactanychangesanticipatedinthe
recommendationsfornewareasofemphasis.Ourresponsehasbeen
torecommendamajorAdvancedCyberinfrastructureProgram(ACP)to
create,provision,andapplyadvancedcyberinfrastructuretoadvance,
andultimatelyrevolutionize,theconductofscientificandengineering
researchandalliededucation.Successforthisfar-reachingACPwill
requiresynergyamongconstituencieswithvariedexpertiseaswell
asincentivesforparticipation.ThegoalofthissectionistohelpNSF
leaderscreateanorganizationalandleadershipstructure(someof
which,becauseofitsfoundation-widenature,areunusualtoNSF)that
effectivelyrealizesthegoalsoftheACP.ThePanelhasgivenextensive
attentiontothispartofourcharge.Werecommendanumberofbasic
principles,processes,andincentiveswhileavoidingbeingoverly
prescriptiveastothedetailssoastoallowflexibilityforNSFinits
implementationoftheACP.

Twocomplementaryactivitiesaretobeorganized.Thefirstis
programswithinNSF,whichprescribehowresourcesareallocated
tothevariousactivities,evaluateproposalsandmakeawards,and
assessoutcomes.Theseprogramsalsorepresentandadvocate
fortheACPwithinthegovernmentalandNSFbudgetprocess.The
secondinvolvesthescienceandengineeringcommunityitself–the
researchers,developers,andoperationalorganizationsthatcarryout
themissionsdefinedintheACP.NSFcanhavesignificantinfluenceon
theorganizationofthecommunitythroughsettingpriorities,defining
programs,establishingevaluationcriteriaforproposals,andthen
evaluatingproposals.

ThekeyelementsoftheACPareshowninFigure4.1.Theproximate
outcomeisnewwaysofconductingresearchthroughtheapplication
ofinformationtechnology.Theconductofscienceandengineering
researchisbuilt(inpart)ontheseapplications,whicharetailoredto
thespecificneedsofpeople,groups,organizations,andcommunities
conductingthatresearch.Thus,theACPdirectlyfundsactivities
resultingintheconceptualization,implementation,anduseofsuch
applications—itisnotfocusedoncyberinfrastructurealone.Some
applicationsaregeneric(suchasdistributedcollaboration),andmany
othersaredisciplinespecific(likedistributedcommunityaccesstoa
specificscientificinstrument).
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4.2   TechnologyResearchandTechnologyTransfer

Figure4.1.AlayeredarchitecturalviewoftheACP.Theshadedboxes
falloutsidethescopeofthisreport.

Applicationsareenabledandsupportedbythecyberinfrastructure,
whichincorporatesasetofequipment,facilities,tools,software,and
services.TheACPsupportsthecreationandoperationofadvanced
infrastructuretailoredtospecificdomains,butitobviouslydoes
notincludethecorefundingfortheresearch(thetopshadedbox).
Likewise,theACPincludessupportforresearchonsystemsissues
relevanttobringingtogetheraheterogeneousmixoftechnologies
(hardware,software,communications,storage,processing)tosupport
advancedapplications.Coretechnologiesinthelowershadedbox
encompassthebulkofthecurrentCISEresearchbudgetandshould
bepreservedratherthanreallocatedtotheACP.

WhiletheACPisaboutrevolutionizingtheconductofresearch,an
equallyimportantopportunityistotransforminformationtechnology
itself.ToillustratethisimportantaspectoftheACP,asecond
technology-transferdimensionisaddedinFigure4.2.Thethreemajor
phasesoftechnologytransfer(furtherelaboratedandsubdivided
inAppendixC)areappliedresearch(conceptualizingandbringing
newapplicationandinfrastructureideastofruition),development
(creatingnewtechnologyartifactsreadyfordeployment),and
operations(installingthesesoftwareartifactsandenablingfacilities
andequipment,integration,keepingthemrunning,andsupporting
endusers).Thesephasesareallrelevanttobothapplicationsand
cyberinfrastructure.
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4.3   SomeChallenges

Figure4.2.Technologytransferaddsanotherdimension,where
operationsaresupportedbydevelopment,whichisbasedon

researchoutcomes.

ThisACPisambitious,andasastartingpointforconsideringits
organization,wemustrecognizethemostseriouschallengestoits
success.

Onlydomainscientistsandengineerscanrevolutionizetheir
ownfields.AtitscoretheACPinvolvesrethinkingtheprocessesand
methodologiesunderlyingindividualscientificandengineeringfields.
Domainscientificandengineeringresearchersmuststepupand
enthusiasticallycreateandpursueavision.

Computerscientists(andalliedtechnologicalfields,such
asinformationscience,andelectricalengineering)mustbe
involved.Thesubstantialandongoinginvolvementofinformation
technologyspecialistsisrequiredtoensurethatinnovativenewuses
oftechnologiesareidentified,existingtechnologiesaremoldedinnew
ways,andresearchintonewtechnologiesandnewapplicationsof
technologyisinformedbyopportunitiesandexperiencesinscienceand
engineeringresearch.

Takentogether,thesetwoissuespresentaseriouschallengetoany
organizationalstructure.Iftheorganizationisweightedtooheavily
towardthedomainscientists,thefocusoveremphasizesprocurement
ofexistingtechnologies,andcomputerscientistsbecomeviewed
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as“merely”consultantsandimplementers.Iftheweightshiftstoo
heavilytowardcomputerscience,theneedsofendusersmaynotbe
sufficientlyaddressed,oreffortshiftstooheavilytowardcreatingnew
technologieswithinsufficientattentiontostabilityandusersupport.

Commonalitiesacrossscienceandengineeringdisciplinesmust
becaptured.Absentappropriatelevelsofcoordinationandsharing
offacilitiesandexpertise,therewouldbeconsiderableduplicationof
effort,inefficiency,andexcesscosts.

Collaborationacrossscienceandengineeringdisciplinesmust
beempoweredandenabled,notimpeded.Tooofteninformation
technologybecomesasourceofBalkanizationandanobstacle
tocollaborationorinnovativechange.ThegoaloftheACPisto
makethecyberinfrastructureandapplicationsanenabler(notan
obstacle)toopportunisticandunanticipatedformsofcollaboration
acrossdisciplines,aswellasencouragethenaturalformationofnew
disciplines.Asinachievingcommonalities,realizingthisgoalrequiresa
largelycollectiveeffort.

Socialscientistsmustworkconstructivelywithscientistsand
technologists.Thesocialscientistscanassistinunderstanding
socialandculturalissuesunderlyingthedirectionoftheACPand,like
technologists,canaidresearchintheirowndisciplinesbasedonthe
experiencegained.

TheACPwillberetrofittedtoanNSForganizationwhoseprimary
mission,theconductofscienceandengineeringresearchand
education,remainsunchanged.Itwillbeimportantandchallengingto
pursuemajorchangesintheorganizationandprocessesunderlying
NSF’sprimarymissionstopromoteinnovativeapplicationofinformation
technologies,whileavoidingsignificantorganizationaldisruptions.
Thus,wesuggestthattheorganizationoftheACPbeoverlaidina
matrixfashionontheexistingorganizationalstructureswiththeaddition
ofanewcoordinatingACPOffice(ACPO).

Asastartingpoint,thestructureofFigure4.1ismodifiedtoalignbetter
withtheresearchdisciplinesrepresentedatNSFandbecomesFigure
4.3.

4.4   OrganizationwithinNSF
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Figure4.3.RelationshipofthelayersofFigure4.1tounderlying
disciplines.Applicationsareahybridcasewithsharedresponsibility

betweentechnologicalanddisciplinaryprograms.

Cyberinfrastructurebringstogethermanytechnologies(hardware,
software,processing,storage,communication,etc.)toprovidea
coherentend-to-endfunctionalityinsupportofapplications;thatis,
atitsheartcyberinfrastructureisatechnologicalsystem.Manycore
technologieshavethemselvesasystemflavor,butwedistinguish
technologicalsystemsatthetoplevelofhierarchy—wheretechnology
meetsapplicationsanduses—andobservethatsystemsinthis
sensehavespecialsignificancetobothcyberinfrastructureandto
applications.Figure4.3alsoemphasizesthat,inthecontextofthe
fundamentallysocialenterpriseofscienceandengineeringresearch,
technologicalsystemsasdefinedhereandsocialsystems(groups,
organizations,andcommunities)arefundamentallyintertwined.

Insofaraspossible,applicationsshouldbegeneric,seekingtoserve
avarietyofdisciplines,butwithsufficientflexibility,configurability,
andextendibilitytoaccommodatelocalvariationsandextensions.
Thiscontributestobothcommonality(enablingfuturecross-discipline
collaboration)andefficiency(throughsharingofresourcesand
expertise).Ontheotherhand,thereareclearlydiscipline-specific
needsaswell,withmanyorganizationalandprocesschangesnot
readilytransferredtootherdisciplines.Acommoncyberinfrastructure
encouragescommonalitiesandopensthedoortofuturecross-
disciplinarycollaboration.

TheorganizationwithinNSFshouldmirrorthetypesofplayers
(deliverersofresearch,development,andoperations)illustratedin
Figure4.4.
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Figure4.4.SummaryofspecificplayersdeliveringpartsoftheACP

Intermsofinternalorganization,ourproposeddivisionofresponsibility
isillustratedinFigure4.5(forapplications)andFigure4.6(for
cyberinfrastructure).Weenvisiontheinitiativebeingservedbyamatrix
managementstructurewiththedirectinvolvementofalloftheNSF
directorates.Someoverridingprinciples(referencingFigures4.5and
4.6)canbestated.

Domainscienceandengineeringdirectoratesmusttakethelead
inrevolutionizingtheirrespectivefieldsthroughnewresearch
organizationandprocesses,supportedbynewapplicationsof
informationtechnology.Weenvisionaprogramineachinterested
directorate(andwehopetheywillallbeinterested)thattakesprimary
responsibilityforformulatingandimplementingavision,fosteringbuy-
inandparticipationofitsrespectivescientificorengineeringresearch
community,andcreatingacoherentprogram.Sucheffortsneedto
beopenandorientedtowardmutualcoordinationamongdirectorates
andshouldemphasizecommonstandardsandemployacommon
cyberinfrastructure.

CISEmustbedeeplyinvolvedbothinservingasatechnology
leaderfortheoverallinitiativeandinusingscientificapplications
andexperienceofapplicationuserstoinformitsown
technologyresearch.CISEshouldbeprimarilyresponsibleforboth
cyberinfrastructureandgenericapplications(muchasithasmanaged
thePACIprograminthepast)whilealsoimprovingspecificareas
asoutlinedinSection5.Aprimarygoalofcyberinfrastructureisto
capturethemajortechnologyrequirementsandprovidetoolstoaid
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inapplicationdevelopment,thusminimizingtheneedfortechnology-
specificactivitiesinotherdirectorates.CISEwilltakeresponsibilityfor
identifyingcommonalitiesamongtheneedsofdifferentdisciplines.
Itshouldalsoleadtheefforttodefinecommoninfrastructureand
standardsthatensurethatcommonaltiesarecapturedandthat
futureinterdisciplinarycollaborationisencouraged.CISEshouldbe
responsibleforensuringthattheACPisfoundedonavibrantresearch
agendaintechnologicalsystemsandapplicationsandthatthe
researchfeedsthedevelopmentofprototypes,productionservices,
andcommerciallyvaluableendproducts.Finally,CISEshouldinclude
andcooperatewithSBEinconductingunderlyingresearchinthesocial
aspectsofbothsystemsandapplications.

Figure4.5.Assignmentofresponsibilityforthevisionand
governanceofapplicationstotheNSFdirectorates.

Figure4.6.Assignmentofresponsibilityforthevisionandgovernance
ofcyberinfrastructuretoNSFdirectorates.
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Tomeetthechallengesofachievingcommonalitiesandcollaboration,
itiscriticalthattheconstituentprogramswithineachdirectoratebe
viewedaspartsofafoundation-wideinitiative,whileseekingtoensure
thateachrespectivecommunityisservedwell.

Maintenanceofsufficientcoordinationwithintheproposed
matrixmanagementstructurewillbeformidable.Wetherefore
recommendthatasinglecoordinatingACPOffice(ACPO)be
establishedtoprovideoverallvisionandguidanceandexercise
budgetaryplanningandresponsibility.(Thisofficemayormay
notbean“Office”intheusualNSFmeaningoftheword.Itcouldbe
administrativelyhostedinCISEorelsewhere,butitneedssignificant
autonomyasdescribedinthissection.)TheACPOdefinestheoverall
visionoftheACPandrepresentsandadvocatesthisvisioninternally
andexternallytoNSF.ItdevelopsbudgetsfortheACP,including
theoverallbudgetandsub-budgetsforthevariousactivitiesand
thedirectorates.Itservesasacentralpointofcoordinationamong
thecomplementaryactivities,includingtheidentificationandpursuit
ofcommonalitiesandachievinguniformityandconsistencywhere
appropriate.

Thedirectoratesaretheprimarysourceofvisionfortheirrespective
disciplines,andtheyformulateproposalstotheACPOfornew
programsandsolicitations,insofarasappropriateincollaboration
with(andasappropriatejointlywith)otherdirectorates.TheACPO
evaluatesthemeritofthoseproposalsconsonantwiththecoordinated
directionoftheACP,includingassessingpasteffortsandseeking
advicefromthecommunity.TheACPOthendetermines(oratleast
recommendstotheDirectoroftheFoundation)budgetaryallocations
tothevariousdirectoratesbasedsolelyonthemeritoftheirproposals
andanevaluationofhowthesepiecesfittogetherconstructivelyin
theoverallcoordinatedactivityoftheACP.TheACPOalsorepresents
theACPincoordinationwithvariousotheragenciesandinternational
bodies.

ItisimportantthattheACPOviewitselfastheleaderofarevolutionin
theconductofresearch,andnotprimarilyasan“informationsystems”
or“informationtechnologyprocurement”organization(acommon
organizationalconstructingovernmentandindustry).

TheACPOwillnotdirectlyevaluateorfundprojectsinthecommunity,
thisbeingtheresponsibilityoftheindividualdirectorates.Thereporting
relationshipoftheACPOshouldmaintainbudgetaryindependence
fromotherprogramsinthedirectoratesandplacetheACPOina
positiontostronglyrepresentthebudgetaryneedsoftheACPOwithin
NSFandthegovernment.

TheleaderoftheACPOisanespeciallyimportantresponsibility.Its
leadermusthavefundamentalresponsibilityforachievingthese
goals,withsufficientcredibility,power,andauthoritytosucceed.
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Thishighlyqualifiedpersonshouldbevisibleandhighlyplaced,ableto
leadalargeandcomplexmatrixedoperationwithasubstantialbudget.
Whetherthisleaderisadisciplineorcomputerscientistorengineeris
secondary(abroadbackgroundandinterestsisideal);mostimportant
isthatheorshebedeeplycommittedtosuccessfullyachievingthe
visionofarevolutioninscienceandengineeringresearchandbe
willingtoexploreandlearnintheprocess.

TheleaderoftheACPO,althoughperhapsattachedtoanexisting
directorate,shouldbeafunctionalpeerwiththeassistantdirectorsof
theNSFdirectorates.Apositionatthishighlevelisnecessarytoattract
therightcombinationofvisionaryandmanager,andtorepresentNSF
astheleadingU.S.agencyincyberinfrastructurewhendealingwith
otherfederalagenciesandinternationalpartners.Anexampleofa
structurethatcanbeconsideredisasfollows:

•  TheleaderoftheACPOwouldreporttoanACPSteeringCommittee
consistingoftheassistantdirectorsofallinvolveddirectoratesand
chairedbytheCISEAD(inrecognitionofthespecialroleofCISEin
theACP).

•  TheSteeringCommitteewouldmeetregularlywiththeleaderofthe
ACPOandassumecollectiveresponsibilityforthesuccessofthe
initiative.Theleader,workingwiththeSteeringCommittee,would
bedelegatedprimaryresponsibilityoverabudgetallocatedtothe
ACPO.

•  TheACPOleaderwouldworkwiththeSteeringCommitteein
programgeneration,allocationofbudgettodirectorates,awards,and
oversight.Theappropriatedirectoratesworkingwiththeirrespective
communitieswouldcarryoutthedetailsofthiswork.

•  TheleaderoftheACPOwouldalsoberesponsibleforNSFliaisonto
otherrelevantprogramsinfederalagenciesandinternationalbodies.

•  TheACPOisintendedtobethecoordinatorofaneffectivematrix
organization,notalargeorganizationduplicatingorreplacingthe
normaldirectorateactivities.TheACPOwouldhaveamodeststaffto
helpinbudgetandprogramdevelopmentandperformancereviews.

AppendixCincludesmorediscussionofrolesandorganizational
options.

MuchoftheworkoftheACPwillbecarriedoutbyindividualresearch
groupsinthescienceandengineeringresearchcommunity,whowill
providevisionandexperimentationandwhowillultimatelyconduct

4.5   OrganizationoftheCommunity
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researchinnewways.Thedevelopmentandintegrationportionofthe
ACP,aswellasoperationsofacommoninfrastructureandcentralized
usersupport,willbecarriedoutbyneworexistingcentersinthe
communityfundedbyNSF.Thesecentersaredividedintoseveral
categories,includingdevelopmentcenters,genericcentersservingthe
scienceandengineeringcommunitiesbroadly,anddisciplinarycenters.

TheACPrequiresanorganizationforinternalNSFcoordination,as
wellasacentralpointofcoordinationinitsexternalimplementation.
Oneormoredevelopmentcentersshouldbedevotedtoactivitiesat
thecoreoftheinitiative.Thesecoreactivitiesincludetheplanning,
acquisition,integration,andsupportofthemajorsoftwareplatforms
andcomponentsatthefoundationofthecyberinfrastructure.This
includeschoiceofcommercialsoftwareforunderlyingcomputing
platformsand,whereavailableandappropriate,formiddleware
andapplicationcomponents.Thesecoreactivitieswillcallforclose
coordinationwithindustry,includingthepossibleuseofindustrial
productsorprototypesasabasisoftheACP,andassistancewith
thetransferofsuccessfultechnologiesdevelopedwithintheinitiative
intocommercialization.Othercoreactivitiesincludetheproductizing
ofresearchprototypes,thedevelopmentofnewcapabilities,andthe
integrationofalltheseelementsintoauniformsoftwarereleasewith
subsequentmaintenance,support,andupgrade.Insomecases,
softwaremaybemaintainedandupgradedbythecommunity(e.g.,
opensource),inwhichcasethecoreactivityincludesgovernanceof
theprocess,suchaschoosingpatchesorupgradestoincludeinthe
releases.Developmentcentersmaybecontractedindustrialfirms,
existinglaboratories,ornewcenterssetupforthisexpressedpurpose.
TheongoingNSFMiddlewareInitiativeprovides(onasmallerscale)
valuableexperienceandguidanceintheorganizationofthisportionof
theACP.

Genericcentersfocusonoperationsandusersupportforapplications
andinfrastructureservingthebroadresearchcommunity,anddiscipline
centersfocusonapplicationsandinfrastructuremorespecializedand
dedicatedtoparticulardisciplines,andincludestrongexpertiseina
disciplineanditsparticularneedsandchallenges.Genericcenters
areneededtopursuebroadcommonalities,whiledisciplinarycenters
canaccumulatedisciplinaryskillsandtherebybettermeetspecific
disciplinesneeds.

Thereisnointentionthattheseactivitiesbestronglyseparated;
development,generic,anddisciplinaryactivitiesmaybeco-locatedor
evengroupedwithincommoncenters.Oneappealingorganizational
model,forexample,isadevelopmentorgenericcenterthatmaintains
andintegratesacollectionofdisciplinarygroups.

Processes-AsemphasizedinFigure4.2,severaldistinctactivities
eachmakeessentialcontributionstotheACP.Onesuchcontribution
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isresearch—atraditionalemphasisoftheNSF—butthereareothers,
broadlydefinedasdevelopment,operations,anduse.Theseare
decidedlynotindependentactivities.Technologytransferseeksto
benefitscienceandengineeringresearchbyemployingthebestideas
arisingfromresearch.Butresearchagendasalsoshouldbeinfluenced
bythevisionforthefutureconductofscienceandengineering
research.Similarly,thereisaverticalflowofideasandinfluence.
Applicationsareinfluencedbyemergingoranticipatedcapabilitiesin
cyberinfrastructure,whichareinfluencedinturnbyadvancesincore
technologies.Andcoretechnologyresearchshouldbeinformedby
anticipatedcyberinfrastructurerequirements,whichinturnisinfluenced
bycapturingcommonalitiesamongapplicationopportunities.

TheresearchsupportingapplicationsinFigure4.2willincreasethe
collaborationamongcomputerscientists(andrelateddisciplines,such
asinformationscienceandelectricalengineering)anddomainscientific
andengineeringresearchers(includingthesocialsciences)tothe
benefitofallsides.Similarlytheresearchsupportingtechnologicaland
socialsystemswillincreasethevisibilityofresearchintoinformation
technologysystemsinthebroadsense,incorporatingprocessing,
storage,andcommunicationintoholisticsocial-technicalsystems
solutions.

ItisinformativetoexaminetheinternalorganizationoftheCISE
directorateinlightofthesechangingandmagnifiedresponsibilities.
TheverticalorganizationalstructureofFigure4.3wouldfocusattention
mostsquarelyonthegreatestchallengesmentionedearlierand
highlightresearchintosystemsandapplications.However,careshould
alsobeexercisedthatresearcheffortsdevotedtoadvancingcore
technologiesreceivecontinuedhighpriority,astheseeffortsremain
acriticalunderpinningofboththeACPandthenation’sindustryand
economy.

FollowingthesuccessfulInternetexperienceandthemorerecent
NSFmiddlewareinitiative,weexpectthatthedevelopmentprocess
leadingtostructureshowninFigure4.2willfocusontheproductizing
andintegrationofacombinationofcommerciallyavailablesoftware
andresearchprototypes.TheACPmustmaintainabalancebetween
deployingandgainingexperiencewithemergingtechnologies,while
providinguserswithastableenvironmentthatiswelldocumented
andsupported.Thegoalofdevelopmentisthustocreateandevolve
aunifiedsoftwaredistributionthatiswellmaintainedandsupported.
Ofcourse,thedevelopmentandoperationsareundertakenby
experiencedorganizationsfundedbyNSF,normallyundercooperative
agreements.Thelonger-termgoalshouldbethecommercializationof
successfulcyberinfrastructureandapplications,withNSFcontinuing
tofunddevelopmentatthefrontiersofnoncommerciallyavailable
solutions.
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Theoperationsstagewillmixtwomodels,asappropriate:asoftware
distributionthatcanbeinstalled,operated,andsupportedwithinthe
end-userorganizationalcontext,andsoftwarethatiscentrallyoperated
toprovideservicesoverthenetwork.NSFwillfundorganizations
preparedtodevelop,maintain,andupgradesoftwaredistributions
madeavailabletoend-userorganizationsandalsoorganizationsthat
operatecyberinfrastructureand/orapplicationsprovidedasservices
invokedoverthenetwork.Aproperandevolvingbalanceshould
bemaintainedbetweenprofessionalstaffsupportingcentralized
operationsandend-useroperations,takingintoaccounttradeoffs
betweenthegreateraccountabilityandfamiliarityoflocalstaffversus
theefficiencyandsharingofresourcesandexpertisearisingfrom
centralization.

Incentives-ThethreeprimaryactivitiesidentifiedinFigure4.2have
verydifferentmetricsforevaluatingproposalsandoutcomes.

Researchisacompetitionofideas.Allocationofresourcesstartswith
theprogramannouncementandevaluationoftheresultingproposals.
Thisisbottom-up,statingtheevaluationcriteriawithdetailedinitiatives
arisingfromtheresearchcommunity.Overlaporduplicationis
acceptablewheredifferentresearcherspursuecompetingvisionsfor
accomplishingsimilarends.Post-evaluationisbasedontheintellectual
qualityandimpactoftheresearchoutcomes.

Developmentisacompetitionofplans.Anoverridinggoalof
developmentistolimitduplicationofeffort,andconcentrateresources
onasetofintegratedandmaintainedsoftwaredistributionscollectively
coveringthescopeoftheACP.Thus,developmentispartitionedand
assignedtoorganizationsbasedontheresponsivenesstoneeds
andcredibilityoftheirplanforpre-definedconcreteoutcomes.Post-
evaluationisbasedonhoweffectivelytheplanhasbeenimplemented
andalsoonhowextensivelytheoutcomesareadoptedandusedand
onusersatisfaction.

Operationsisacompetitionforusers.Operationsserveend-users,
domainscientists,andengineeringresearchers,responsivelyproviding
serviceandsupport.Thereshouldbetwoormorecompetitive
operationaloptionsavailabletousers.Aprimarypointofpost-
evaluationshouldbethesatisfactionoftheuserswhoareserved,and
toalesserextentthenumberofuserswhoareserved,basedoninput
fromtheusercommunity.

Thesedistinctevaluationcriteriashouldnotsuggestthatthese
activitiesmustbestronglyseparatedorganizationally;tothecontrary,
theremaybeadvantagestogroupingappliedresearch,development,
andoperations(orsomesubsetoftheseactivities)withinacommon
organizationandgeographiclocation.
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Continuity-Humanresourcesarecriticaltogettingcyberinfrastructure
andapplicationsworking,keepingthemworking,andprovidinguser
support.Intheinterestoffundingmoregrants,NSFhasarguably
undersupportedtherecurringcostsofpermanentstaff,preferringto
focusresourcesonacquiring“hard”or“tangible”assetsorthesupport
directresearchcosts.IntheACP,humanresourcesaretheprimary
requirementinbothdevelopmentandoperations,andsuccessis
clearlydependentonadequatefundingbothincentersandinend-user
researchgroups.

Wherepossible,off-the-shelfcommercialtechnologiesandservices
shouldbeacquired,butadvancedandexperimentalcapabilitieswill
requireNSFsupportofappliedresearch,development,andoperations.
Successdependsonspecializedskillsnotreadilyavailableinthe
jobmarket;rather,themostvaluablestaffwillarrivewithgeneralized
programmingandsystemadministrationskillsandthenlearnvaluable
specializedskillsthroughyearsonthejob.Astartingassumptionin
thefundingofdevelopmentandoperationsorganizationsshouldbe
continuityandlong-termcommitment.Absentsignificantproblems
andnegativeevaluations,fundinginitiativesintheseareasshould
workfromabaseassumptionofatleastaten-yearlifetimeforeach
participatingorganization.Thisisnottominimizetheimportanceof
ongoingevaluationandfeedback,norisitintendedtoprecludethe
redirectionoffundingfrompoorlyperformingorganizations.



REVOLUTIONIZING SCIENCE AND ENGINEERING THROUGH CYBERINFRASTRUCTURE 61

5.0PartnershipsforAdvancedComputationalInfrastructure:
PastandFutureRoles

WehavedescribedpriorNSFsponsoredinvestmentsthathave
collectivelycreatedaplatformformajorscience-drivenexpeditionsto
developandapplyadvancedcyperinfrastructure.Thelongestrunning
andlargestinvestmenthasbeenaseriesofinitiativestoadvance
U.S.scienceandengineeringbyprovidingcomputationalresources,
includingthePartnershipsforAdvancedComputationalInfrastructure
(PACI)program.Ourchargespecificallyasksustoassessthe
effectivenessofthePACIprogramandtomakerecommendations
aboutitsfutureinthecontextofanynewdirectionswepropose.

Advancedcomputingprogramsbeganintheearly1980s,whenthe
mostpowerfulmachinesatthattime—“supercomputers”—were
notavailabletotheentireU.S.scientificcommunity.Hencethe
predominantneedwasforaccesstocomputingcyclesatthehighest
end,andasaresultfiveNSFSupercomputerCenterswerefounded
in1986and1987.ThePACIprogram,establishedin1997,wasthe
nextstep.ThegoalsofthetwoPACIpartnerships(hereaftercalled
“thePACIs”)—theNationalPartnershipforAdvancedComputational
Infrastructure(NPACI)andtheNationalComputationalScienceAlliance
(hereaftercalled“theAlliance”)—weremuchbroaderthanfurnishing
accesstohigh-endcomputepowerandtheassociatedservices.Their
missionsincludedprovisionofdatastorageandnetworking,education
andoutreach,andfosteringofinterdisciplinaryresearch.Atthecenter
ofeachPACIpartnershipisaleading-edgesite—theNationalCenter
forSupercomputingApplications(NCSA)fortheAlliance,andtheSan
DiegoSupercomputerCenter(SDSC)forNPACI.ThePACIprogramis
explicitlynotallowedtosupportbasicresearch.

FollowingtheguidelinesoftheoriginalPACIsolicitation,theactivities
ofthePACIpartnershipshaveaddressedmultipleneedsandserved
multiplepurposes,someofwhichwehighlight:

•  Duringthefiveyearsofthecurrentprogram,thetwoPACI
partnershipshavefulfilledtheirmissionofprovidinghigh-end
computingcycles.Thisconclusionisbasedonsystematic,regularly
conductedusersurveysthatarereportedtoNSF,andonthesurvey
conductedaspartofthispanel’sinformation-gatheringprocess
(AppendixB).

• ThePACIshavesupported,engendered,andsuppliedsoftware
toolstohelpuserstakeadvantageofarchitecturallydiverse,
increasinglycomplex,anddistributedhardware.Inadditionto

5.1   ThePastandPresent
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joiningandenhancingpre-existingsoftwareactivitiessuchas
Globus40andCondor41,thePACIshaveinitiateddiverseprojects
involvingallaspectsofhigh-endcomputing.Twoexamplesare
theAccessGrid36,usedatmorethan100sitesworldwide,andthe
Cactus42programmingframework,anopen-sourceenvironmentthat
enablesparallelcomputationondifferentarchitecturesalongwith
collaborativecodedevelopment.

•  ThroughajointEducation,Outreach,andTraining32activity,the
PACIshavebroadenedaccesstocomputationalscienceand
engineeringbyencouragingtheparticipationofwomenandunder-
representedgroupsatalleducationallevels.

•  Manysuccessesindomainscienceandengineeringhavebeen
enabledaswellassupportedinpartbyPACIfunding.Inparticular,
somePACI-enabledcollaborationsamongdomainscientistsand
computerscientistshavebeenexemplarsofinterdisciplinary
interactionsinwhichinformationtechnologybecomesacreative,
closepartnerwithscience.Tonameoneamongmany,therecently
fundedNationalVirtualObservatory10whichincludesparticipants
fromtheAllianceandNPACI,wasdescribedasatoppriorityin
the2001U.S.NationalAcademyofSciencesdecadalsurvey
ofastronomyandastrophysics43.Toadegreebeyondanything
anticipatedevenfiveyearsearlier,theNationalVirtualObservatory
linksastronomywithcyberinfrastructureintheformsofgrid
computingandfederatedaccesstomassivedatacollections.The
NationalVirtualObservatoryconceptgrewfromcollaborations
associatedwiththePACIprogram,andillustrateshowadvances
incomputerscienceandinformationtechnologycaninspirenew
methodologiesanddirectionsinscience,notjusttraditionalscience
thatisbiggerandfaster.

•  Internationalcollaborationisaninherentpartofcomputational
scienceandengineering,andthePACIsareregularlyinvolvedwith
leadinginternationalconsortiasuchastheGlobalGridForum.22
IndividualscientistssupportedinpartbyPACIareleadersin
visibleinternationalprojectssuchasGridLab44,whichinvolvesGrid
computingandnumericalrelativity.

ThePACIpartnershipshavebeenreviewedannuallybyaprogram
reviewpanelconvenedbyNSF.Thesereviewshavebeenconsistently
positivewithrespecttotheoverallachievementsoftheAllianceand
NPACIasdefinedbythecriteriaofthePACIprogram.However,not
surprisinglyforsuchalargeandcomplexprogram,differentaspects
oftheprogramhavehaddifferentdegreesofsuccess.Thisisnot
meantasacriticism;itwouldbeunrealistictoexpectperfectioninevery
elementofthePACIprogram,whichcreatedneworganizationswith
notabledifferencesfromtheoriginalsupercomputercentersmentioned
earlier.
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Turningnowtoissuesofconcern,thePACIprogramhasexhibited,
fromitsbeginning,atensionbetweentwoneedsthatcannoteasilybe
reconciled:providingproductionsystemsforthecurrentgeneration
ofhigh-endusers,andmovingtothenexthighestlevelofcomputing
capability.Sincetheprogram’scorefundinghasneverbeenadequate
tosupportmorethanonegenerationofcomputersystem,tradeoffs
havebeeninevitable.

Inaddition,theannualprogramreviewpanelshaveexpressedrepeated
concernsabouttheoveralleffectivenessandresponsivenessofPACI
activitiesindiscipline-specificcodesandinfrastructure(“application
technologies”)and,toalesserextent,genericsoftwareand
infrastructureforhigh-endcomputing(“enablingtechnologies”).We
discusstheseconcernsfurtherbelow.

ThePACIshaveunquestionablyhadsignificantsuccessandimpact.
Nonetheless,webelievethatcertainchanges,describedinthenext
section,shouldtakeplacesothatthePACIs,ortheirsuccessors,
becomeanintegralpartoftheACPproposedhere.

Partofthechargetothepresentpanelwastoevaluatethe
performanceofthePACIprograminmeetingtheneedsofthescientific
andengineeringresearchcommunities.Givenourbroaddefinitionof
cyberinfrastructurewehaveinterpretedthischargeasanopportunityto
considerpotentialrolesforthePACIpartnershipsinagreatlyexpanded
context.SincethePittsburghSupercomputingCenter(PSC)5was
selectedbyNSFin2000asthesitefortheTerascaleComputing
System45,weincludePSCaswellasthePACIsinourdiscussionofthe
future.

Thepanelbelievesthattoday’sscienceandengineeringresearch
continuestorequirecomputingresourcesatever-higherlevelsandin
ever-widerdimensions.

•  Theneedremains,exactlyasdescribedinthe1995HayesReport36,
fortheU.S.scienceandengineeringresearchcommunitytohave
accesstomachinesthataresubstantiallymorepowerfulthanthose
availableattypicalresearchuniversities,andforsupportservicesto
enablethosemachinestobeusedmosteffectively.

•  Weanticipateincreasingdemandforadvancednetworking
capabilities(includingspeed,bandwidth,qualityofservice,and
security)fortheindefinitefuture.


•  Theimportanceofdatainscienceandengineeringcontinueson

apathofexponentialgrowth;someevenassertthattheleading
sciencedriverofhigh-endcomputingwillsoonbedataratherthan

5.2   RationalefortheFuture
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processingcycles.Thusitiscrucialtoprovidemajornewresources
forhandlingandunderstandingdata;theNationalVirtualObservatory
(brieflydescribedinSection5.1)emergedfromrecognitionthatthe
dataavalancheinastronomyrequiresdigitalarchives,metadata
managementtools,datadiscoverytools,andadaptableprogramming
interfaces.

•  Finally,sustainedworkisneededonsoftwaretoolsandinfrastructure
thatenablegeneraluseofcomputingatthehighestend,aswell
asondiscipline-specificcodesandinfrastructure.Itisuniversally
agreedthatproducingandmaintainingwidelyusable,reliable
softwareisatleastone,possiblyseveral,ordersofmagnitudemore
difficultthangeneratinganinitialhigh-qualityprototype.

AsdescribedinSection2,thePanelisrecommendingabroad
AdvancedCyberinfrastructureProgramwhosegoalistotransform
theconductofscienceandengineeringresearch,andwhich
includessignificant,sustainednewfundingforbothdiscipline-specific
andgenericenablinginfrastructure.Sincetheultimatedriversof
cyberinfrastructurearetheneedsofthescientificandengineering
researchcommunities,webelievestronglythatthoseneedswillbe
addressedmosteffectivelybyensuringthatenablingandapplication
infrastructureprojectsassociatedwiththeACPreceiverigorouspeer
review.Thisisafundamentalchangefromtheall-in-onestructureofa
PACIpartnership,whoseactivitieshavebeenfundedandreviewedasa
unit.Ourviewisbasedonbothphilosophicalandpracticalreasons.

Organizationally,thiswouldbeaccomplishedbycreatingnew
applications-focusedprogramswithineachinterestedNSF
Directorate,asdiscussedinSection4.Theseprogramswouldalso
createanydiscipline-specificcyberinfrastructurerequiredtosupport
theseapplications,oftenbasedonextensionstothemoregeneric
cyberinfrastructure.Eachoftheseprogramswouldseektocreate
andexecuteabroadvisionforrevolutionizingresearchwithintheir
respectivedisciplinesthroughthesupportofpeer-reviewedprojects.
Inmanycases,weexpectparticipationintheseprojectsbythePACIs
andotherACP-supportedcentersinpartnershipwithdisciplinary
experts.Thejustificationforthisisthebeliefthatdisciplinaryexperts,
inclosepartnershipwithcomputerscientists,arebestabletojudge
themerits,impact,andimportanceofapplicationsandspecialized
cyberinfrastructurefocusedontheirfield,andthattheseprojectsshould
bepeerreviewedratherthaninitiatedbythecenters.Inaddition,
reviewerswhohavesubstantialexperiencewithsoftwaredevelopment,
whotakeabroadviewofhigh-endcomputing,andwhowillpay
attentiontoopportunitiesforcomplementaryactivitiesandunnecessary
duplication,shouldassessthequalityofcyberinfrastructureprojects.

Thepracticalmotivationforrecommendingseparatepeerreviewof
applicationandenablingtechnologyactivitiesrestsonthefollowing
observations,frequentlymadeduringthepanel’sinformation-gathering
phase:
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•  ThePACIsarenotstandalone,butpartnershipsinvolvingmany
partners.Commitmentshavebeenmade,explicitlyorimplicitly,toa
numberofpartners,andthesepartnersarerepresentedinthePACI
managementstructure.Thusitisdifficulttophaseoutactivitiesof
existingpartnersoraddnewpartners.

•  Therehasbeenonlylimitedreviewofenablingandapplication
technologyactivities,particularlyinassessingtheirimpactonthe
relevantusersandcommunities.

Thepeerreviewprocessthatweenvisagemustalwaysinclude
considerationofthequalityofeachproposal’scomputerscience
andinformationtechnologyaspects.Tobespecific,infrastructure
projectsinapplicationareasneedtobepeer-reviewedbybothdomain
andcomputerscientists,asarethecurrentInformationTechnology
Research(ITR)46proposals,toassesstheirqualitybasedoncriteria
definedbytheneedsofcyberinfrastructurefortheparticularscientific
community.Inthisregard,itisimportantthatthereshouldbeno
artificialdistinction,astherewasintheoriginalPACIprogram,
betweenresearchanddevelopment;thebestenablingandapplication
infrastructureprojects,almostwithoutexception,includeboth.Enabling
andapplicationinfrastructureprojectscanbeproposedbyresearchers
andteamsfromanyeligibleinstitutionorgroupofinstitutions,including,
ofcourse,thecurrentPACIleading-edgesitesand/ortheirpartners.It
isessential,however,thatnon-PACIteamstobegivenanopportunity
tocompeteforthisfunding.

Itisentirelyconsistenttobelieve,asthepaneldoes,thatthe
PACIprogramhashadmanysuccesses,andatthesametimeto
recommendanewstructureforthefuture.Werepeatourawareness
oftheoutstandingresultsthathavebeenachievedinbothapplication
andenablingtechnologiesbyPACI-supportedefforts.Innosenseare
weadvocatingthatsucheffortsbecurtailed;infact,ourexpectation
istheopposite.Giventheexpertisedevelopedatleading-edgePACI
sites,proposalsinvolvingthesegroupsshouldhaveahighsuccess
rateinpeer-reviewedsettings.Peerreviewofapplicationandenabling
infrastructureprojectsisthereforeunlikelytobeharmfultothebest
teamscurrentlysupportedbyPACIfunding,whileopeningfunding
opportunitiestoawiderfield.

Topreservethemanyaccomplishmentsandtalentedpersonnel
associatedwiththePACIprogramwhiletheACPisbeingdefined,
thepanelrecommendsatwo-yearextensionofthecurrentPACI
cooperativeagreements.Afterthosetwoyears,untiltheendofthe
originalten-yearlifetimeofthePACIprogram,thepanelbelieves
thatthetwoexistingleading-edgesites(NCSAandSDSC)andPSC

5.3   TheFutureofthePACIprogram
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shouldcontinuetobeassuredofstable,protectedfundingtoprovide
thehighest-endcomputingresources.Inaddition,thetwoPACI
partnershipsshouldcontinuetheiractivitiesineducation,training,
andoutreach.Attheendofthisperiod,thereshouldbeanother
competitionfortherolesof“leading-edgesites”,possiblyrenamed,
with(ifappropriate)revisedmissionsandstructures.

Basedontheassumptionthatsufficientnewfundingisinplace,the
new,separatelypeer-reviewedenablingandapplicationinfrastructure
partoftheACPwouldbeginin2004or2005,afterthetwo-year
extensionofthecurrentcooperativeagreements.Newfundingis
absolutelyessentialtoretainexperiencedPACIstaffandtomaintain
already-establishedsuccessfulcollaborationsinenablingand
applicationtechnologies.AsobservedinSection4,trainedand
knowledgeablepeoplearethesinglemostimportantcomponentof
cyberinfrastructure.

Withthistimeline–atwo-yearextensionofthecurrentagreements
andamajorinfusionofnewfundingin2004of2005forseparately
funded,peer-reviewedinfrastructureprojects–coupledwithapartial
disaggregationoffunctionsthrough2007,thepanelbelievesthat
stabilitywillbeensuredforpartsofthePACIprogramwhereitismost
needed.Ourfurtherhopeisthatthisschedulewillreducetheenergy
andanxietyassociatedwithsubmissionoftheannualprogramplan.
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6.0BudgetRecommendations

6.1   ScopeoftheProgram

AchievingthevisionoftheAdvancedCyberinfrastructureProgram
(ACP)willrequirecoordinatedNSFsupportofabroadersetof
activitiesandfacilitiesthantheagencyhashistoricallysupported.
Inaddition,existingactivities(e.g.providingaccesstohigh-end
computers,enduringdataarchives,andmiddlewaresoftware
development)willneedsubstantiallyhigherfundinglevels.NSF’srole
isnotlimitedtofinancialbacking—itisalsocriticalthatNSFprovide
aneffectiveorganizationalstructuretocoordinatetheACP,establish
operationalandusersupportcenters,provideleadershipforthenation
(includingotherresearchfundingagencies),andcoordinatewith
similarinternationalactivities.Thisrequiresnotaone-timeorshort-
terminitiative,butratherthePaneladvocatesamaterialmodification
tothedirectionandprioritiesfortheFoundationthroughaprogram
ofsustainedlong-termfunding.Inthissection,weprovideourbest
estimatesofthelevelandallocationoffundingneedednearthe
beginningoftheACP,althoughweexpectthisestimatetobemodified
overtimeasneedsandprioritieschange.

AsdescribedinSection2,informationtechnologytoolsandresources
shouldnotonlysupporthigh-endnumericalsimulationsandnetwork
connectivity(themajoremphasesinthepast),butalsodigitallibraries,
instrumentsfordataacquisition,massivearchivesofobservational
data,communityapplicationframeworks,andcollaborationtools
forroutineusebyresearchers.Researchcommunitiesand
disciplinesshouldbeabletoprototype,refine,develop,anddeploy
community-specificdistributedapplications.Robustsoftware(both
cyberinfrastructureandapplication)mustbedeveloped,maintained,
upgraded,distributed,supported,andinsomecases(asindistributed
middleware,datacuration,andscientificcomputing)professionally
operated.Tomakethesetoolsandresourcesaccessibleacrossawide
rangeofacademicinstitutions,wemustcreatea“grid”thatprovides
convenientaccesstodistributedresources,bothintheUnitedStates
andinternationally.

TwoveryimportantprinciplesthatthePanelwouldliketomaintainare:

•  Thehigh-endscientificcomputationalresourcesavailabletothe
UnitedStatesacademicresearchcommunityshouldbesecondto
none.

•  NSF,incollaborationwithotherappropriatemissionagencies,should
takeleadresponsibilityforcreatingandmaintainingthecrucialdata
repositoriesnecessaryforcontemporary,datadrivenscience.The
definitionof“crucial”willcomefromtheresearchcommunities.
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Theresultingcyberinfrastructurewillbemuchmorecomprehensive
infunctionandscope,andwillbeutilizedbymanymoreresearchers
thanpastNSFinfrastructureprograms(withthepossibleexception
oftheInternet).Togainmaximumbenefit,itiscrucialthatNSF
supportnotonlythedevelopment,provisioning,andoperationof
cyberinfrastructureandapplications,butalsotheiruseinthedaily
conductofscienceandengineeringresearch.Whilesupportofdomain
scienceandengineeringresearchperseisoutsidethescopeofthe
ACP,successfuluseintheconductofthisresearchdoesrequire
adequateprofessionalstafftoprovideadvice,assistance,andtechnical
support,andtheseservicesarewithinthescopeoftheACP.

Toachievethegreatestbenefitsandbroadestuse,andalsotowork
againstBalkanizationthatinhibitsinterdisciplinarycollaboration,
commonalitymustbecapturedacrossdisciplines,solutionsfor
commonissuesidentifiedandsolved,andinteroperabilityfacilitated
throughstandardizationandthechoiceofcommontechnicalsolutions.
ThisisanotherimportantbudgetarypriorityfortheACP.

ThechargetothisPanelincludedtherequestto“recommend
animplementationplantoenactanychangesanticipatedinthe
recommendationsfornewareasofemphasis.”Inthefollowing,the
budgetrequirementsofthisbroadspectrumofactivitiesareestimated.
Inthecourseofdescribingtheseneeds,wesupplyadditional
recommendationsanddetailanimplementationplan.



Ahigh-levelsummaryofthebudgetisgiveninthefollowingtable.Later
subsectionsdescribeeachoftheseactivitiesingreaterdetail.

6.2   BudgetSummary

Estimatedannualbudget Millionsof$peryear

Subcategories Total

Fundamentalandappliedresearchtoadvance
cyberinfrastructure

$60

Researchintoapplicationsofinformationtechnologyto
advancescienceandengineeringresearch

$100

Acquisitionanddevelopmentofcyberinfrastructureand
applications

$200

Provisioningandoperationsofcyberinfrastructureand
applications

$660

Computationalcenters $375
Datarepositories $185
Digitallibraries $30
Networkingandconnections $60
Applicationservicecenters $10

Total $1020
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TheseamountsaremeanttobeinadditiontothecurrentNSF
investmentsintheseareas,withtheexceptionofthe$375million
peryearfor“computationalcenters,”whichdoesincludethecurrent
leveloffundingofapproximately$75M/year.Thefundingdescribed
hereaugments,leverages,andcreatesincentivesforexploiting
commonalityinthecyberinfrastructureinvestmentsalreadyunderway
inthevariousNSFdirectorates.Thesefundingrecommendationsare
forNSFprogramsonly,andpresumethatotherfederalagenciesand
institutionswillcontinuetoinvestinrelatedresearchanddevelopment.
TheACPwouldincreaseitsfundinglevelastheprogramisdefined
andimplemented.Weestimateacrediblerampupto$545M/yearof
additionalfundingovertwoyearsandtothefull$1020Mfundingin
threeyears.

Thissectionprovidesadditionalinformationandjustificationforthe
budgetestimates.Ourprimarymethodologywastoestimate,ineach
category,howmanyindividualprojectsandcentersmeetthegoalsof
theprogram,andwhataverageleveloffundingwouldbeappropriate
foreachinordertoreachadesirablecriticalmass.These“perproject/
center”costsareestimatesandareaverageannualbudgets,notupper
bounds,andwewouldexpectarangeofactualexpendituresaround
thisaverage.

Whenbudgetarycomponentssuchascenters,researchactivities,
equipment,anddatarepositoriesaredescribedseparately,theyare
notnecessarilymeanttobefreestandingentities.Theyareelements
ofoneoverarchingintegrated,multidisciplinary,systemicprogram.
Itwouldbeappropriatetoco-locateandputsomeoftheseunder
acommonmanagementumbrella,thusbenefitingfromincreased
economiesofscaleandaidingoverallcoordination.Forexample,
disciplinary-baseddatacoordinationprojectsmaybeaffiliatedwith
oneofthedatarepositories,andlarge-scaleoperationalcentersmay
housesubstantialsoftwaredevelopmentanddeploymentprojects.In
addition,wesometimesdescribeprojects,andthesemayormaynot
beorganizationallylocatedwithincenters.

Whileweusethenumberofcentersasoneelementofabudgetary
estimate,thePanelgenerallyprovidesarangeratherthanadvocatinga
singlehardnumber.Detailsatthislevelshouldbebasedonsubstantial
analysisandcommunityinput,takingintoaccountanumberoffactors,
includingexistingresources,economiesofscaleandscope,availability
ofappropriatesitesandinstitutions,andthewillingnessandabilityof
thecommunitytoestablishandmanagesuchactivities.Theactual
outcomemayreasonablydiffermateriallyfromourrecommendations.

6.3   DiscussionofBudgetCategories
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ThePaneldoes,however,feelstronglyaboutseveralpoints:

•  Theexistingcenters(theleading-edgesitesfortheAllianceand
NPACIplusPSC,andperhapsNCAR)havealreadyaccumulated
significantexpertiseandexperiencerelativetotheACP,and,subject
toappropriatereviews,arelikelytobeamongtheinitialsites;

•  Thesupportingsystems(datastorage,high-performancecomputers,
networksetc.)madeavailabletoUnitedStatesacademicresearchers
shouldbesecondtonone,and

•  Thereshouldbesufficientcapability(scientificapplication
performance,memorysize,I/Ospeed,etc.)andavailablejobtimeon
suchsystemstosupportdozensofqualifiedgroupsconductinghigh-
qualityandhigh-impactresearchutilizingthesesystems.

Eachofthemajorbudgetcategorieswillnowbediscussedfurther.

Researchtoadvancecyberinfrastructure-AsdiscussedinSection
4,cyberinfrastructureisasystemincorporatingmanyprocessing,
storage,andcommunicationtechnologies,aswellaslargeamountsof
software.ItencompassesthemanyrolesdiscussedintheSection2,
principalonesbeingthesharingofcommonresources,functions,and
expertiseamonginstitutionsanddisciplines,aswellasloweringthe
barrierstoentryforthedevelopment,provisioning,operationsanduse
ofnewapplications.

Fromabudgetaryperspective,therearesignificantchallenges
andopportunitiesthatdemandresearch.Significantadvancesare
requiredinhuman-computerinteraction,databasesystems,software
engineering,networks,parallelcomputing,advancedarchitectures,
security,reliability,interoperabilityandmanyotherareas.Whilemany
presentandfuturetechnologiescanbeacquiredcommerciallyand
mustbeintelligentlyleveraged,theseoftendonotmeetthespecialized
needsofscienceandengineeringresearch.Becausetheseneedsare
oftenhigh-endandstretchavailabletechnologies,thereisasignificant
opportunitytoleveragetheACPtoadvanceinformationtechnology
itself,oneoftheimportantmissionsofNSF.BoththeInternetand
supercomputingarchitecturesarehistoricalillustrationsofthis
processofturningtheneedsofacademicresearchersintovaluable
newtechnologieswhilesimultaneouslyempoweringtheresearch
community.

Thecyberinfrastructurealsoraisesnumeroussocialissues,for
example,thoserelatedtosecurity,privacy,intellectualproperty,and
useofinformationtechnologyinsupportofresearchcommunitiesin
collaborativeworkacrossdistance,organizations,anddisciplines,and
associatednewmodesofscholarlycommunication.Researchinto
theseissueswillalsopaynumerousdividends,bothwithintheNSF
communityandinthenationasawhole.
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Thus,theACPrequiressignificantbasicresearchactivitiesthat
addressboththetechnicalandsocialchallengesaswellas
opportunitiesthatsurroundtheconstruction,management,anduseof
thenation’sevolvingcyberinfrastructure.TheACPmustalsoevaluate
theoutcomesandsupporttheevolutionofthecyberinfrastructureto
meeteverexpandingneeds.

Althoughaportionofthesefundsshouldsupportindividual
investigatorsexploringground-breakingnewactivities,wealso
envisionanumberoflargermulti-investigatorprojectsthatexplore
manytechnicalandsocialissuesandmixturesofthetwo,andinvolve
substantialprototyping,testbeds,andexperimentation.Eachlarger
projectneedssubstantialfunding,averagingabout$2millionannually.
PastexamplesofthistypeofprojectincludetheTitanium47Compiler
ProjectatUC-Berkeley,theStorageResourceBroker48projectat
SDSC,theDataCutter49projectatOhioState,andtheNetworkWeather
Service50ProjectatUC-SantaBarbara.Thisisalsoinlinewithlarge
projectsintheITRprogram,whichweviewassuccessfulinbringing
togetherinterdisciplinaryteamsaddressingsimilarissuesandwehope
willcontinueaspartofthebasebudget.Weestimateconservatively
that30to40projectswouldbeneededtocoverthebreadthofresearch
issuesrelatedtotheproposedinfrastructure,frommakingitusableto
makingitsecure.

Inourbudgetestimateweassume30projects,foratotalof$60million
annually,spentlargelyonresearchers,equipment,andsupporting
professionalstaff.Someappropriateandevolvinglevelofthesefunds
couldbeallocatedtoindividualinvestigatorgrantskeepinginmindthat
theCISEbasebudgetwillalsosupportmanysuchgrants.

Researchintotheapplicationofinformationtechnologytodomain
scienceandengineeringresearch-ThegoaloftheACPisto
revolutionizescientificandengineeringresearchthroughtheinnovative
applicationoftheinformationtechnologies.Whilecyberinfrastructure
isanimportantenablerforthistohappen,theACPalsorequires
researcherswithinthedomain-specificscienceandengineering
researchcommunitiestocollaboratewithcomputerandinformation
scientistsandmathematiciansandsocialscientistsinidentifying
opportunities,refiningtheseideasthroughexperimentsandtrials,
andultimatelymovingtheseapplicationideasintoproduction,broad
deploymentanduse.Italsorequiresresearchintogenericapplications
thatspandisciplines,andidentificationofcommonthreadsacross
applicationsthatcanbecapturedwithinthecyberinfrastructure.

Thistypeofinvestigationallowsresearchcommunitiestotake
advantageofthenewinformationtechnologiesandinfrastructure,as
wellassupportdevelopmentofnewmethodsandfacilitiestotackle
researchchallengespreviouslyoutofreach.Thisresearchwillinvolve
long-termeffortsinthescienceandengineeringdisciplines,computer
andinformationscience,thesocialsciences,andmathematics.We
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envisiondisciplinescientistspartneringwithcolleaguesfromother
fieldswhocancontributetodevisingtechnicalapproachestoadvance
knowledgeinnewways.

Onceopportunitieshavebeenidentified,theyshouldbeprototypedand
introducedtorealusers,whowillprovidefeedbacktoguiderefinements
andimprovements.Ultimately,successwillbemeasuredbyturning
theseapplicationsintoproductionsoftwarethatisbroadlyadopted
andused,and,importantly,manyassociatednewprocessesand
methodologiesfortheconductofscienceandengineeringresearch.

Thisactivityshouldincludeamixtureofindividualinvestigatorand
larger-scalegrantsorcooperativeagreements.Turningsuccessful
prototypesintoproduction,andthedevelopmentofprototypes
themselves,maycallforpartnershipswithoperationalcenterswhich
offerexpertiseinsoftwareengineering,especiallyastheseapplications
areturnedovertoproduction.Ontheotherhand,onegoalinadvancing
thecyberinfrastructureistomakeiteasiertodevelopandsupport
newapplicationsdirectlywithinapplicationgroupsanddisciplines.
Thedistributionofgrantsizesandtypeswilllikelyvarybydiscipline.
SuccessfulmodelsincludetheGrandChallengeawardsofthemid
1990sandtheapplication-orientedITRgrantsofrecentyears.The
largenumberofworthybutunfundedITRproposalsinrecentyearsisa
strongindicatoroflatentinterest.

Ourbudgetestimateisbasedon50grantsatanaverageannual
fundingof$2million,butalsowithconsiderablevariationingrantsize
dependingondisciplineandtheproblembeingtackled.Experience
withapplication-orientedlargeITRgrants(roughly$2M-$3M/year
foruptofiveyears)hasshownthatsomecomplexapplications
requiresubstantiallymorefunding.Someofthesegrantsarelarge
becauseoftheirinterdisciplinaryandinter-institutionalcharacterand
thesubstantialneedsforfacilities,prototypingandexperimentation,
andsupportingprofessionalstaff(softwareengineers,system
administrators,usersupport,etc.).

Acquisitionanddevelopmentofcyberinfrastructureand
applications-AstheACPevolves,increasinglevelsofsupportwill
berequiredforthedevelopmentofproductionsoftware,coupledwith
thelicensingofcommercialsoftwarecomponentsandtheintegration
ofthevariouscustomandcommercialcomponents.Successful
cyberinfrastructureandapplications,astheymoveoutoftheprototype
andexperimentationstage,willrequireinitialproductcreation,ongoing
maintenance,upgrade,distribution,andusersupport.Wherepossible,
anycyberinfrastructureandapplicationsoftwarethatisdeveloped
withinthisACPshouldbesubsequentlycommercialized,resultingin
(hopefully)lowercommerciallicensingfees.
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Cyberinfrastructuretosupportthemyriadscientificandengineering
applicationswillcomprisemanysoftwaretools,systemsoftware
components,andothersoftwarebuildingblocks.Examplesofsystem
softwareincludegridmiddleware,parallelizingcompilersforavariety
ofmachinearchitectures,scalableparallelfilesystemsanddistributed
databases,andsophisticatedschedulers.Whereappropriatethese
componentswillbecommerciallylicensed,andNSFwillpurchasea
“site”licenseonbehalfofthecommunityofNSFresearchers.

Animportantactivitywillbeanongoingefforttoidentifytheappropriate
mixofcommercialcustom-developedsoftwareinaccordancewithan
overallarchitecturalplan,andthentoacquireordevelopandintegrate
thesecomponents.Theoutcomeshouldbeasingleunifiedsoftware
distributionthatuserscandownloadandinstall.Alternatively,centers
willprovisionandoperatethiscyberinfrastructureandapplicationsand
offerthemasservicesinvokedoverthenetwork.

TheNSFMiddlewareInitiativeisexemplaryofthetypeof
programrequiredtocreateandsupportthesoftwareaspectsof
cyberinfrastructure.Whileonlyafractionofprototypeswillrequire
conversiontoproductionstatus,thedevelopmentcostsofachieving
thelevelsofstabilityandusabilitysuitableforthelargercommunitywill
requireadevelopmentcostatleastanorderofmagnitudegreaterthan
aprototype.Therecurringcostsofmaintenance,upgrade,anduser
supportwillalsobesubstantial.Anactiveprogramtocommercialize
successfulcyberinfrastructureandapplications(especiallythegeneric
variety)willhelptocontainthesecosts.

Thesesoftwaredevelopmenteffortswouldbesupportedwhereverthe
expertiseincomputationalscienceandsoftwareengineeringislocated,
notjustinlargeacademiccenters,andpossiblyinthecommercial
sector.Selectionofthesoftwaredevelopmentandmaintenancegroups
shouldbebasedonexpertiseandexperience,proposedplansand
methodology,andanticipatedcosts.Weestimateinitially20such
projectswithanaverageannualbudgetof$5millioneach.

Weproposethecreationandsupportof“cyberinfrastructuresoftware
centers”dedicatedtodevelopingthemoredifficultandsophisticated
systemandinfrastructuresoftware.Thesecentersmusthavea
scalenecessarytoattackthesignificantchallengesofdeveloping
standardsandproductionsoftwareforgrids,programmingtools,and
dataaccessandanalysis,tonameafewexamples.Eachcenter
mightemployontheorderof50full-time-equivalentstaffwhowould
engageinprofessionalsoftwareengineering,withafundinglevelin
the$10M/yearrange.Tensuchcentersfundedatthislevelwouldbea
goodstartingpoint,witheachcenterattackingonearea,suchasgrid
computing,compilersandruntimesystems,visualization,program
developmentenvironments,globalscalableandparallelfilesystems,
humancomputerinterfaces,highlyscalableoperatingsystems,system
managementsoftware,andsoforth.
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Provisioningandoperationsofcyberinfrastructureand
applications-Whethersoftwareisacquiredordeveloped,onceit’s
integratedintoasingledistributiontherearemanyoperationalissues
tobeaddressed.Softwaretobedownloadedandinstalledlocally
willneedtobemaintained(possibly)onmultipleplatforms,made
availablefordownload(includingissuesofauthenticationandaccess
control),andsupportedthroughhelpdeskfacilities.Whereservicesare
providedoverthenetwork,theappropriateequipmentandsoftware
mustbeacquired,integrated,installed,andoperated,andagain
usersupportandhelpdeskfunctionsmustbeprovided.Whilecapital
expendituresforfacilitieswillbenecessary,thebulkofthecostsare
recurringsalariesforprofessionalstaff,includingsoftwareengineers,
systemadministratorsandoperators,andusersupportpersonnel.We
anticipatethatmostoftheseactivitieswillbeconductedincenters
fundedundercooperativeagreementswithNSF.Theseneedscan
bebrokendownintoseveralcategoriesdiscussedinthefollowing
subsections.

Oneclassofcenterswillprovidehigh-endcomputingresources,
similartotheleading-edgesitesofthecurrentPACIprogram.These
willfeaturesomeorallofthefacilitiescurrentlyfoundatsuchcenters,
includingcomputers,largedataarchives,sophisticatedvisualization
systems,collaborationservices,licensedapplicationpackages,
softwarelibraries,digitallibraries,veryhigh-speedconnectionstoa
nationalresearchnetworkbackbone,andacadreofskilledsupport
personnelhelpinguserstakeadvantageofthefacilities.Sincethe
technologiesdeployedinthesecenterswillbecutting-edge,thesupport
staffalsomayhavetodevelopsoftwaretoprovidemissingfunctionality
intheenvironmentandtointegratethevariousresourcesandservices.

Sinceprogressinmanyscienceandengineeringdisciplinesispaced
bythecapacityandpeakperformanceoftheavailablesystems,as
wellasbytheallocationandschedulingpolicies,thereisneedforboth
higherpeakperformanceandhighercapacitythancurrentlyavailable
inthePACIprogram.ThePanelstronglyrecommendsthefollowing
principle:TheUnitedStatesacademicresearchcommunityshould
haveaccesstothemostpowerfulcomputersthatcanbebuiltand
operatedinproductionmodeatanypointintime,ratherthananorder
ofmagnitudelesspowerful,ashasoftenbeenthecaseinthelast
decade.

ThemostpowerfulscientificcomputerintheworldtodayisJapan’s
EarthSimulatorSystem20,withapeakspeedof40teraflops(1012
floatingpointoperationspersecond),builtatacostofaround$400
million.DOE’sLawrenceLivermoreNationalLaboratory51(LLNL)hasa
12teraflopsmachineanditsLosAlamosNationalLaboratory52isinthe
processofinstallinga30teraflopssystem.InFY2004(perhapsthe
firstyearoftheACP)atleastoneoftheDOElaboratoriesisexpected
toinstallasysteminthe60–100teraflopsrange.Allthesesystems

High-end
general-purpose
centers
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havebeenjustifiedandarebeingusedbyarelativelysmallnumberof
applicationsprojects.

ThePanelbelievesitisimportantthatNSFmakecomparablesystems
availabletotheUnitedStatesacademiccommunity,but,duetothe
largesizeanddiversityofthiscommunity,suchsystemsmustsupport
amuchwiderrangeofapplications.IftheU.S.academiccommunity
istobecompetitiveinternationallyinlarge-scalesimulation,these
considerationssuggestsystemsinthe60teraflopsrangeinFY
2004,thereaftertrackingthestateoftheart.Inaddition,atleasta
dozenindividualAmericanuniversitieshaveacquiredorareinstalling
systemswithpeakspeedsofoveroneteraflops.Inordertoenablenew
applications,nationalresourcesshouldbemorepowerfulthanthoseat
individualuniversitiesbyatleastonetotwoordersofmagnitude.

Intermsofcapacity,thereshouldbeasufficientnumberofsuch
systemsthatindividualprojects(withappropriatejustification)canbe
grantedtheresourceunitstorunmanyjobsperyearthatusealarge
fraction(atleast25%)ofpeakperformancefortensorhundredsof
hours.Suchjobsusuallyaccessorproducevastamountsofdatathat
needtobestored,visualized,andinteractedwith;hence,theentire
environmentneedstobebalancedandscaledaccordingtopeak
processingspeeds.Atypicalbalancedconfigurationmeetingthis
criterionwouldhave:

•  Atleast1ByteofmemoryperFLOP/s.
•  MemoryBandwidth(Byte/s/FLOP/s)≥1.
•  InternalNetworkAggregateLinkBandwidth(Bytes/s/FLOP/s)≥0.2.
•  InternalNetworkBi-SectionBandwidth(Bytes/s/FLOP/s)≥0.1.
•  SystemSustainedProductiveDiskI/OBandwidth(Byte/s/FLOP/s)≥

0.001.
•  SystemHighSpeedExternalNetworkInterfaces(bit/s/FLOP/s)≥

0.00125.
•  Theinternalnetworkthatconnectsthenodeswithlatencyinthe1-2

microsecondsorless,usermemorytousermemory.
•  Globallyaddressablediskswithatleast20timesthecapacityofmain

memory.

Usingthoseratios,a60teraflopssystemwithabalancedconfiguration
wouldhave60TBofmemoryand1.2PBofgloballyaddressabledisk
space.CurrentestimatesarethatinFY2004suchasystemwillcost
ontheorderof$180million.InFY2007,$180millionmightsufficeto
purchaseabalancedsystemwithapeakspeedof100to150teraflops.

Thepanelrecommendsthataboutfivesuchcentersbesupported;
thetwoleading-edgesitesofthePACIprogramplusthePittsburgh
SupercomputerCentershouldbeconsideredasthreeofthesecenters,
followingappropriatereview.Whiletherearesubstantialeconomies
ofscaleinoperatinglargecomputers–amodestlylargerstaffcan
supportamuchlargercomputerorseveralsystems–thereareother
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considerationsinthenumberofcenters.Eachcentertendstodevelop
affinitywithdifferentdisciplinesorstrengthsindifferentaspectsof
informationtechnology.Centersaretraininggroundsforcomputational
scientistsandengineers,whothenmigrateto(morelikelynearby)
researchinstitutions.Agreaterdiversityofcentersencouragesnovel
approachesandnewideas.Theprimarymeasureofeffectiveness
ofsuchcentersisusersatisfaction,andcompetitionamongalarger
numberofcentersleadstogreatersatisfaction.Ontheotherhandand
asmentionedearlier,thenumberofcentersissecondaryandshouldin
theendbebasedonadditionalanalysisandcommunityinput.

Thereshouldbenoshortageofinstitutionsinterestedincreatingand
operatinglarge-scalecenters;overadozenuniversitiesalreadyoperate
substantialcentersandhaveparticipatedinpreviouscompetitions.
Forthepurposeofthebudgetestimateweassumefivecenters,each
withanannualbudgetof$75million,foracombinedannualbudgetof
about$375million($300millionmorethanthecurrentlevel).Thisis
largerthanthecurrentcentersprimarilybecauseweadvocatehigher-
peak-performanceandcapacitycomputersandancillarysystemsthan
atpresent.Ontheorderof$50millionannuallywouldbedevotedto
theseequipmentprocurements,assumingthatamajornewsystem
willbeacquiredbyeachcentereverythreetofouryears.Mostofthe
restofthebudgetwouldbeforrecurringpersonnelcosts;development,
integration,maintenance,andupgradeofsoftware;aswellas
provisioningandoperationsofcyberinfrastructureandusersupport.

InstagingtheoperationalportionoftheACP,inFY2004andFY2005
(afterappropriatereview)theexistingcentersmightacquireupgraded
facilitiesandrelatedinfrastructure.(Spreadingtheramp-upovertwo
fiscalyearswillprovidemorechoicesandmayincreaseperformance
asnewgenerationsofsystemsemerge).Thesecondstepmightbeto
openacompetitioninFY2005andFY2006foradditionalcenters.

Localclustersofcomputersaremeritoriousalternativestocentralized
largesystemsformanyneeds,andinsomeresearchareasspecial-
purposehardwareisthebestoption.TheACPwillcontributetothe
creationofagridenvironment(includingmiddlewareandtools)thatwill
makeallthreeoptionsaccessibletoresearchersatallinstitutionsand
facilitatethemigrationofapplicationsfromonetoanother.Aswiththe
numberofcenters,thebalanceoffundingamongtheseoptionsshould
bebasedonadditionalanalysisandcommunityinput.

Asimilarissueariseswithprofessionalsupportpersonnel.Budgets
shouldseek(basedonprioranalysis)toachievethebestbalance
betweenlocalsupport(whichcangivemorediscipline-specificand
intensiveassistance)andcentralizedsupport(whichbenefitsfrom
economiesofscaleandscopeandcanusefullytransferexpertise
fromoneinstitutiontoanotherandfromonedisciplinetoanother).A
valuablemiddlegroundistolocatediscipline-specificgroupsatlarge
centers.
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Wellcurateddatarepositoriesareincreasinglyimportanttoscience
andengineeringresearch,allowingdatagatheredandcreatedatgreat
expensetobepreservedovertimeandaccessedbyresearchers
aroundtheworld,includingbydisciplesofotherdisciplines.TheACP
shouldprovidelong-termandsustainedsupportofsuchrepositories.
Thisinvolvesmuchmorethansimplyrunninglargestoragefacilities.
Supportedbyresearchintocyberinfrastructure,betterwaystoorganize
andmanagesuchlargerepositorieswillbedeveloped,andsoftware
infrastructureandtoolswillbedeveloped,distributed,maintained,and
supported.Appropriatestandardswillbedevelopedthatallowdatato
beself-documentinganddiscoverablethroughautomatedtools,and
toinsuretheinteroperabilitynecessarytoincorporatedataacquiredin
onedisciplineintoapplicationsservingotherdisciplines.

Toillustratesomedetailedissues,dataneedtobeorganizedin
appropriateways,metadata(machinereadableandsearchable
descriptionsofthedata)mustbesystematicallycreated,andbasic
manipulationandanalysistoolsprovided.Datamustbestructuredin
waysthatsupportbothintra-andinter-disciplineinteroperability.Useful
datarepositoriesarealsohighlydynamic,requiringreclassification
basedonreanalysisofcontent.Migrationofdatatonewmediafor
preservation,andexploitationofhighercapacitymediaisrequired.
High-speedaccesstorepositoriesbyremoteusersraisescapacityand
scalabilityissues,withimplicationsfortheirnetwork,storage,andI/O
subsystems.

Aswithcomputing,thecostofdatarepositories(donecorrectly)will
bedominatedbytherecurringcostsofpersonnelperformingcuration,
maintenanceandupgrade,andprovidinguseradvice,assistance,and
support.Themostsophisticatedofthesepersonnelneedprofessional
skillsintherelevantaspectsofinformationmanagementand
informationtechnology(e.g.,databases,archivalfilesystems,building
portals),andwillbedevelopingandmaintainingcustomsoftware.By
usingacombinationofhigh-speednetworksandlocalhigh-speed
caches,thereisnohardrequirementtoco-locateprofessionalstaff
withphysicalstorageparticularlystaffperformingdataacquisition
andcurationfunctionsasopposedtodiskpartitioning,regeneration,
andbackupfunctions.Aswithcomputing,thereisneedforsupport
personnelatlocalinstitutions,indiscipline-specificgroups(often
locatedincenters),andcentralizedincenters.Althoughfurtheranalysis
isneeded,weexpectthatthemostefficientapproachwillbetohave
relativelycentralizedstoragehardware(withsupportingstaff)but
distributeddataacquisitionandcurationpersonnel.Thebalanceof
fundingacrosstheseoptionsshouldbedeterminedbyanalysisand
communityinput.

Thechallengeofdataacquisition,curation,andaccesscannotbe
addressedsolelybyNSF,sinceotheragenciesintheUnitedStates

Datarepositories
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andinternationallyalsosupportrepositories.Forexample,NIH
supportscertainbiologyandbiomedicaldatacollectionsandNASA
fundsmanyarchivesofastronomyandremotesensingdata.NSF
shouldsupportrepositoriesforanumberofdisciplines,suchas
astronomy,atmosphericandoceanicsciences,biology,biomedicine,
climatemodelingandobservations,engineeringofmanyvariations,
environmentalandearthsciences,geophysics,high-energyphysics,
neuroscience,nuclearphysics,andspacesciences,amongothers.
Onecaneasilyenvision50to100suchrepositories.Indeed,aWeb
searchquicklyyieldsscoresofexistingrepositories,manyofwhich
willnotscaletofuturedemands,interoperatewellamongdisciplines,
norguaranteelong-termaccess.Basedoncurrentexperience,each
repositorywillrequire$1.5millionto$3millionannually,noteven
includingthesubstantialadditionaleffortrequiredtoproduceclean,
well-documenteddatathatretainslong-termaccessandvalue.Overall
theserepositoriesmayrequire$150millionannually,assuming75such
repositorieswithanaverageyearlybudgetof$2million.Thenumber
ofphysicallocationsforstoragefarmsandsupportingpersonnelmay
beconsiderablysmallerthanthenumberofdisciplinaryrepositories,
basedonanalysisoftradeoffsbetweencommunityresponsivenessand
theavailabilityofdiscipline-specificexpertisevs.economiesofscale
andscope.

Inaddition,itisimportanttomaintainongoingdevelopmentcenters
thataddressissuesspanningalldisciplinesandensurethatthe
latestoutcomesfromtheresearchcommunity(includingresearch
fundedunderthisACP)andthecommercialsectorareappliedtothe
expandingdatastorageandmanagementchallenge.Thesecenters
wouldbeprimarilyresponsibleforspreadingthelatesttechnologies
andbestpracticesandinsuringinteroperabilityacrossdisciplines
throughappropriatestandardization.Theyaretheprimarypoint
ofconnectiontothecomputerandinformationsciencesresearch
communities(includingthedigitallibrary,knowledgemanagement,
andknowledgeminingcommunities)forthederivation,description,
andmanagementoftheknowledgederivedfromcomputationsand
observationaldata.Werecommendthatapproximatelyfivesuch
centersbeestablishedatanestimatedcostof$3millionperyeareach,
foratotalof$15millionperyear.Insomecasesthesecentersmaybe
co-locatedwithsignificantdatarepositories.

ThePanelalsorecommendsthecreationofteamsthatwouldwork
ondiscipline-specificmetadatastandards,dataformats,tools,access
portals,etc.,aswellashelptoselectandinstallsoftware,e.g.,forthe
gridanddatabases.Ifonesucheffortissupportedat$2millionper
yearforeachofthetendisciplineslistedabove,acombinedfunding
levelof$20millionperyearwillberequired.

Anintegralcomponentofcyberinfrastructureincludesthenation’s
digitallibraries,anareawhereNSFisalreadyprovidingintellectualand
organizationalleadership.Theselibrariescontain(muchmoresointhe

Digitallibraries
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futurethantoday)ourintellectuallegacy,afundamentalresourcefor
ourscientificandengineeringresearchandengineeringpractice.

NSFdigitallibraryinitiativeshavecreatednewinfrastructureand
contentofvaluetospecificdisciplines(includingmanyinthe
humanities).Itisimportanttocontinuesucheffortsthroughongoing
research,prototypingandexperimentationwithdigitallibrary
technologies,developmentanddeploymentofprovensolutions,
andsupportforspecificdigitallibraryrepositoriesindisciplines
representedatNSF.Thepotentialhasbeenbarelytapped,andthere
isanopportunitytofindandimplementnewmechanismsforsharing,
annotating,reviewing,anddisseminatingknowledge.Wesuggest
thatthetopicofdigitallibrariesbebroadenedtoconsiderevenlarger
questionsaboutthetransformationofscholarlycommunication,
includingnotonlytheaccessingandsharingofknowledge,butalso
includingthisexpandingknowledgeasanintegralelementoftheactive
collaborationamongscholars.

Thesoon-to-concludesecondphaseoftheNSFdigitallibraryinitiative
isinvestingabout$10millionperyear.Giventhesuccessofthe
initiatives,andthepromiseandcriticalimportanceofthearea,we
believethebudgetshouldbeatleast$30millionperyearfordigital
librariesactivities,withamixofprojectsizesfrom$1-3millionannually.

High-speednetworksareacriticalcyberinfrastructurefacilitating
accesstothelarge,geographicallydistributedcomputingresources,
datarepositories,anddigitallibraries.AsthecommodityInternet
isclearlynotuptothetaskforhigh-endscienceandengineering
applications,especiallywherethereisareal-timeelement(e.g.remote
instrumentationandcollaboration),ahigh-speedresearchnetwork
backboneshouldbeestablishedandthecurrentconnectionsprogram
extendedtosupportaccesstothisbackboneaswellastoprovide
internationalconnections.Todaywecouldaimfora40Gb/s(gigabitper
secondthroughput)backbonewithlargecenterorusersitesconnecting
at10–40Gb/s.Overtimethesenumberscouldincreaserapidlywith
advancesintechnologyandsustainedfunding.Assumingthat50sites
connectat10Gb/sand40sitesat40Gb/s,acostestimateofthe
backboneandconnectionsisabout$60millionperyear.

Aswithcomputing,theprimaryissuesinthebackbonenetworkare
peakspeedofdatatransferandtotalcapacity.Thepeakspeedshould
bedeterminedprimarilybycurrentlyavailableproductionnetwork
equipment,andcapacityupgradeswillrequireongoingmonitoring
andanalysistoavoidsignificantcongestion-inducedcommunication
latencies.However,fromtheperspectiveofapplicationsandusers,the
performanceofthebackbonenetworkisonlyoneelementofoverall
performance,whichisalsoaffectedbylocalareanetworks,various
processingandcachingbottlenecks,processingdelaysinmiddleware
andoperatingsystemlayers,andcomputerI/Obandwidths,among
others.Forthisreason,theresearchanddevelopmentaddressing

Networking
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performanceissueswithintheACPshouldfocusitsattentiononoverall
systemperformance,seekingoutbottlenecksandremovingthose
bottlenecksthroughresearchintounderlyingtechnologyadvances,
systemarchitectures(e.g.thestrategiclocationofcaching),and
developmentofmoreadvancedhardwareandsoftwaresolutions.
Theadequatefundingoffacilitiesupgradesandthefundingofthese
researchanddevelopmentactivitiesareequallyimportantinproviding
theresearchcommunitywithstate-of-the-artfacilities.

WithinthisoperationsportionoftheACP,systemmeasurement
instrumentsandsoftwareshouldbedeployed,aknowledgedatabase
ofissuesandsolutionsshouldbedevelopedandmaintained,
andprofessionalsupportstaffshouldadvise,assistandsupport
researchersandapplicationsdevelopersencounteringdifficult
performanceissues.

AnumberofuniquescientificfacilitiesutilizedbyU.S.scienceand
engineeringcommunitiesarelocatedoutsidetheUnitedStates--
someevenfundedbytheNSF(e.g.theGeminiSouthObservatory53
inChile).Asnotedelsewhereinthisreport,internationalcollaboration
isessentialinresearch,andtheUnitedStateshasavitalinterestin
ensuringthatitsscienceandengineeringcommunityhashigh-speed
accesstotheinternationalinfrastructure.NSFneedstoconnect
thenationalbackbonetosimilarinfrastructureinothercountries,
andcooperateinotherwaysthroughresearch,development,
standardization,andoperations.

Whilethesebudgetestimatesmayseemlow,asthroughoutthis
section,thisestimateisinadditiontocurrentNSFnetworkresearch
andinfrastructurenetworkingexpenditures(aswehavespecified
throughoutthissection),whichiscurrentlyabout$40millionannually
fornetworkinginfrastructure.Wealsoexpectthatindividualstates
(e.g.,California,Illinois,Indiana,andNorthCarolina)andindividual
universitieswillmakecoordinatedinvestmentstoensurethat 
institutionalinfrastructureprovideappropriateconnectivityfromthe
nationalbackboneallthewaytoresearchers’desktops.

Inthebudgetcategoriesalreadyaddressed,thereareclearlysome
unmetneeds,suchassupportservicesfornon-computational
applications,visualization,collaboration,ordistributedandcluster
computing,amongothers.Theseservicesmaybeprovidedthrougha
combinationofautilitymodel(makingthemavailableonthenetwork)
andbyprovidingsoftwaredistributionsandsupportpersonneltoaidin
theirinstallationanduse.Astheresearchanddevelopmentportionsof
theACPyieldsuccessfuloutcomes,theneedsinthisareawillexpand.
InitiallythePanelrecommendsfundingamodestnumberofcenters
toinitiatetheseactivities(fivewithanannualfundingof$2million
eachwouldbereasonable).Overtimethisbudget(andthesizeand
numberofcenters)wouldgrow,guidedbythesuccessfulmodelsand
expandingneedsandopportunities.

Applicationservice
centers
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ThescopeandscaleoftheACPwillrequireanannualbudgetofabout
$1billionoverandabovethecurrentPACIandnetworkinfrastructure
programsinNSF.

Weestimatethatabout65%ofthetotalbudgetisfortherecurring
costsofprofessionalstaffandresearchers,asopposedtothe
acquisitionofhardwareandsoftware.Asubstantialportionofthese
recurringcostsisdevotedtodeveloping,maintaining,distributing,
upgrading,andsupportingsoftware.Thisemphasisisconsistentwith
pastPresident’sInformationTechnologyAdvisoryCommittee33(PITAC)
recommendationsforsubstantiallygreaterinvestmentsinsoftware
researchandproduction.

Theimplementationrecommendationsandbudgetssketchedinthis
chapterarebasedonexperiencewithrelatedprojectsandactivities
andreflectnumerouscommentsandsuggestionsreceivedfrom
communityleaders.Nevertheless,ourrecommendationsshould
beconsideredasonlyabeginning.TheACPwillrequireongoing
planning,implementationandadequateresourcesifitistoachieve
itsgoalofrevolutionizingtheconductofscienceandengineering
research.AllNSFdirectoratesmustparticipateintheplanningandin
theimplementationinordertoensurethatthecyberinfrastructurethat
isbuiltiseffectiveinbringingaboutthisrevolution.

6.4   Summary



REVOLUTIONIZING SCIENCE AND ENGINEERING THROUGH CYBERINFRASTRUCTURE 82

1.NSF-CISE,http://www.cise.nsf.gov/
2.PartnershipforAdvancedComputationalInfrastructure,

 http://www.paci.org/
3.NationalCenterforSupercomputingApplications,

 http://www.ncsa.uiuc.edu/
4.SanDiegoSupercomputingCenter,http://www.sdsc.edu/
5.PittsburghSupercomputingCenter,http://www.psc.edu/
6.Teragrid,http://www.teragrid.org
7.NSFMiddlewareInitiative,

 http://www.nsf-middleware.org/NSF

8.NSFDigitalLibraryInitiative,Phase2,http://www.dli2.nsf.gov

9.GeorgeE.Brown,Jr.NetworkforEarthquakeEngineering

Simulation,http://www.nees.org/
10.TheNationalVirtualObservatory,http://www.us-vo.org/
11.TheNationalEcologicalObservatoryNetwork(NEON),

 http://www.nsf.gov/bio/neon/start.htm
12.TheNationalScienceDigitalLibrary(NSDL),

 http://www.nsdl.nsf.gov/indexl.html
13.TheGridPhysicsNetwork(GriPhyN),

 http://www.griphyn.org/index.php

14.TheSpacePhysicsandAeronomyResearchCollaboratory

(SPARC),http://intel.si.umich.edu/sparc/and

 http://www.crew.umich.edu/
15.TheBiomedicalInformaticsResearchNetwork(BIRN),

 http://www.nbirn.net/
16.DOENationalCollaboratoriesProgram,

 http://doecollaboratory.pnl.gov/
17.DOEScientificDiscoveryThroughAdvancedComputing

(SciDAC),http://www.osti.gov/scidac/
18.UKResearchCouncilsE-scienceProgram,

 http://www.research-councils.ac.uk/escience/
19.EuropeanCommissionSixthFrameworkResearchProgram,

 http://europa.eu.int/comm/research/fp6/index_en.html
20.JapaneseEarthSimulatorCenter,

 http://www.es.jamstec.go.jp/esc/eng/
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